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Abstract: We present an analysis of the role that the quark-gluon plasma (QGP) reso-
lution length, the minimal distance by which two nearby colored charges in a jet must be
separated such that they engage with the plasma independently, plays in understanding the
modification of jet substructure due to interaction with QGP. The shorter the resolution
length of QGP, the better its resolving power. We identify a set of observables that are sen-
sitive to whether jets are quenched as if they are single energetic colored objects or whether
the medium that quenches them has the ability to resolve the internal structure of the jet.
Using the hybrid strong/weak coupling model, we find that although the ungroomed jet
mass is not suitable for this purpose (because it is more sensitive to effects coming from
particles reconstructed as a part of a jet that originate from the wake that the jet leaves
in the plasma), groomed observables such as the number of Soft Drop splittings nSD, the
momentum sharing fraction zg, or the groomed jet mass are particularly well-suited to dis-
criminate the degree to which the QGP medium resolves substructure within a jet. In order
to find the optimal grooming strategy, we explore different cuts in the Lund plane that allow
for a clear identification of the regions of Soft Drop phase space that enhance the differ-
ences in the jet substructure between jets in vacuum and quenched jets. Comparison with
present data seems to disfavor an “infinite resolution length”, which is to say the hypothesis
that the medium interacts with the jet as if it were a single energetic colored object. Our
analysis indicates that as the precision of experimental measurements of jet substructure
observables and the control over uncertainties in their calculation improves, it will become
possible to use comparisons like this to constrain the value of the resolution length of QGP,
in addition to seeing how the substructure of jets is modified via their passage through it.
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1 Introduction
QCD Jets are some of the most fascinating objects produced in high energy collisions.
These are sprays of particles produced as a consequence of the fragmentation of highly
virtual partons produced in elementary collisions between energetic incident partons or
electrons. While their microscopic origin as a manifestation of the structure of perturbative
QCD has long been understood, it is only in recent years that a new suite of analysis
techniques have opened the internal structure, in a generalized sense the shape, of jets to
quantitative scrutiny. These new tools not only have allowed us to better characterize the
radiation pattern of virtual quarks and gluons within jets but also to design new observables
with which to discover new physics [1, 2].
One of the areas where measurements of new observables that are sensitive to the
internal shape and structure of jets shows the greatest promise is in the study of hot strongly
– 1 –
interacting matter produced in ultrarelativistic heavy ion collisions. The jets produced in
such collisions at the Relativistic Heavy Ion Collider and the Large Hadron Collider must
form, shower, and propagate within the expanding, cooling, liquid droplet of hot quark-
gluon plasma produced in the same collisions. This means that the jets probe the hot
medium, and as they do it means that their own properties are modified. The generic
phrase for this phenomenon is jet quenching, but it should be kept in mind that the droplet
of plasma is also modified as energy and momentum is exchanged between the jet and the
droplet [3, 4]. The earliest such effect to be analyzed was the reduction in the total energy
of the jet. However, much more can be learned about the interaction between jets and
the hot liquid, and ultimately about the properties of that liquid itself, by measuring and
analyzing how the structure and shapes of the jets are modified via their passage through
the quark-gluon plasma.
An appealing property of jets in the study of dense hadronic matter is their poten-
tial to probe the short-distance-scale structure of the quark-gluon-plasma formed in those
collisions. As multipartonic objects, jets can probe the in-medium physics at different
transverse size, depending of the separation of its constituent partons as they traverse the
medium. In studying the scattering of a single electron or parton off the medium, physics
at varying length scales can only be probed via analyzing scattering events with varying
momentum transfer. In the longer term, we can hope to use substructure observables to
look for (uncommon) events in which a single parton within a jet strikes a parton from the
medium with sufficiently high momentum transfer that a parton is scattered out of the jet
at a large angle [5–7]. These events resolve the short-distance, partonic, structure of the
QGP. Before measurements of jet substructure in heavy ion collisions can be used in this
way, however, it is imperative to understand how passage through the liquid QGP modifies
the structure of jets, even without assuming that the microscopic partonic structure of the
plasma is resolved. In this paper we take significant steps in this direction, studying how
several different substructure observables are modified in a previously benchmarked model
of jet quenching.
Furthermore, by analyzing how entire jets interact with the medium as multipartonic
objects, we introduce — and have a chance to take advantage of — the length scales cor-
responding to the separations between partons within a jet or between subjet constituents
within a jet, as the jet propagates through the medium. Although we cannot yet use jets to
resolve the short-distance structure of quark-gluon plasma, the notion of resolution arises
in our analysis in quite a different way. We can ask whether the plasma is able to “resolve”
the internal multipartonic structure of the jet itself or, better, to what degree it is able to
do so. If a jet shower is narrow enough, we expect the medium to interact with it as if it
were a single, unresolved, energetic probe, losing energy and momentum to the medium.
Only after the partons within the jet have separated sufficiently will they begin engaging
with the medium as independent objects. The minimal distance by which two nearby col-
ored charges in a jet must be separated such that they engage with the quark-gluon plasma
independently is a property of the medium; we shall refer to it as the resolution length of
quark-gluon plasma and denote it by Lres. We expect Lres to be parametrically of order
1/T if the medium is strongly coupled or longer if it is weakly coupled, and thus not a mi-
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croscopic aspect of the structure of QGP. It nevertheless serves to characterize the nature
of this medium.
Our goals in this paper are thus twofold. We seek to advance our understanding of
how several jet substructure observables are modified via the passage of the jets through
the quark-gluon plasma produced in heavy ion collisions. And, we shall show how to take
advantage of the length scales corresponding to the separation between subjet constituents
within a jet to use experimental measurements of groomed jet substructure observables to
constrain Lres, a fundamental property of quark-gluon plasma.
In this paper we will provide a set of observables that clearly discriminate to what extent
the inner structure of jets produced in heavy ion collisions at the LHC is modified by their
interactions with the strongly coupled liquid produced in the same collisions. The main
physics observation that we will exploit in this paper is that as soon as the jet is resolved by
the medium, and “seen” as more than one object that loses energy and momentum, the jet as
a whole will lose more energy. This happens because multiple components of the resolved jet
each lose energy independently. This phenomenon has been inferred via comparison between
experimental data and several rather different (perturbative [8]; strongly coupled [9, 10];
and hybrid [11]) models for jet quenching. However, in most inclusive jet observables, such
as the production rates for jets with a given pT or correlations between jets or between a jet
and a boson, the physics of how energy loss depends on the number of resolved components
in a jet, or the angular width of a jet, can be difficult to isolate from other effects caused by
the passage of the jet through the medium. In this work, we will illustrate these difficulties
by analyzing the probability distribution for the charged jet mass. Among jets with a given
energy, those which have a larger angular width have a larger jet mass. Hence, we expect
that jets with larger mass should lose more energy. Given that more energetic jets are
produced less frequently than less energetic jets, this means that after passage through the
plasma the jets with a given energy will be more likely to be narrow, low mass, jets [8–11].
In short, the jet mass distribution should shift toward lower masses. What we shall see in
Section 3, though, is that there is a confounding effect: the energy that the jet loses to the
droplet of QGP creates a wake of moving liquid which, after hadronization, serves to widen
the objects that are reconstructed as jets, making the jet mass distribution shift toward
larger masses.
After exploring this rather frustrating situation, we shall turn to jet substructure mea-
surements with which, we show, we can identify clear signatures of the consequences of the
resolution of multiple components within a jet by the medium. We shall employ the ‘Soft
Drop’ procedure [12], a jet grooming technique designed to remove soft jet components
most sensitive to the underlying event in proton-proton collisions and that for us serves to
greatly reduce the sensitivity to particles coming from the wake in the medium. We shall
explore two particular sets of groomed jet observables: the momentum sharing fraction dis-
tribution of two hard subjets within a jet and their invariant mass distribution. We show
that the medium modification of these two observables differs significantly in a model in
which the medium is able to resolve all partons within a jet (Lres = 0) relative to that in
a model in which the medium treats a jet as a single object (Lres =∞). According to our
discussion above, when the jet constituents are resolved the groomed jet mass distribution
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shifts towards smaller values. In addition, we also find that resolved quenched jet samples
possess a larger fraction of narrower jets and a smaller fraction of wider jets, also according
to the general expectations above. As we shall explicitly test, grooming makes these two
observables almost insensitive to the soft particles coming from the wake in the medium that
obscure the analogous effects in the charge jet mass distribution. This makes the groomed
jet observables that we identify robust tools that can be used to discriminate the power of
the medium created in heavy ion collisions to resolve the structure of multipartonic probes
propagating through it, which is to say to constrain the value of Lres.
The theoretical analysis of jet-medium interactions has a long history (see Refs. [13, 14]
for recent reviews). A substantial body of work has been devoted to understanding how
high-energy partons and jets interact in a very-high-temperature perturbative QGP [15–
39]. However, at the temperatures reached by current colliders, the QGP is not weakly
coupled and strong coupling effects become important to understanding in-medium jet dy-
namics. For this reason, our analysis will be carried out within the framework of the hybrid
strong/weak coupling model, developed in Refs. [11, 41–44]. This is a phenomenological
approach that seeks to separate the short distance dynamics of jets from the long distance
physics of the QGP, which we take as strongly coupled. The model has been confronted
with a large set of experimental data and it is able to describe and predict many inclusive
jet observables. Another feature that will be instrumental for our purposes is that this
is one of the few examples in the literature in which the ability of the medium to resolve
multipartonic sources are incorporated into a Monte Carlo event generator in the form of a
single tunable parameter. As we will argue, while the concrete results that we will present
in this work are predictions of this model, many of the systematics that we observe are
generic and must be present in any jet-medium interaction framework that includes the
resolution of jet constituents by the QGP, independent of the microscopic description of
the interaction.
This paper is organized as follows. In Section 2, we briefly review the main features
of the hybrid model that we employ throughout this paper. We will analyze two extreme
realizations of the model, one in which the medium can resolve all the partons within a
jet, the fully resolved case where the medium has Lres = 0, and one in which the jet-
medium interaction is independent of any internal structure within a jet and depends only
on its energy, the fully unresolved case where the medium has Lres = ∞. In Section 3, we
discuss the charged jet mass distribution and show that the competition between effects of
quenching and effects originating from the backreaction of the jet on the medium makes it
challenging to tease out the dependence of the modification of this observable by jet-medium
interactions on the resolving power of the medium from measurements of this observable.
In Section 4, we focus on groomed jet observables. After describing the procedure and
characterizing the number of Soft Drop splittings in Section 4.1, we analyze the momentum
sharing fraction distribution in Section 4.2, where we find that the absolutely normalized
zg-distribution can clearly discriminate between the two extreme limits. To further clarify
this dependence and discuss new dynamics, in Section 4.3 we discuss the Lund plane defined
by the first pair of subjets to pass the Soft Drop condition and analyze the modification
of this Lund plane distribution by media with different Lres. This analysis is used in
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Section 4.4 to propose a new Soft Drop grooming procedure in which the groomed jet mass
distribution is clearly sensitive to the dependence of quenching on jet substructure. To
complete the analysis of groomed observables, in Section 4.5 we go beyond the two extreme
assumptions and explore the sensitivity of the different observables to realistic values of
the resolution length of the medium Lres. Finally, in Section 5 we compare our results
to current measurements of groomed jet observables in heavy ion collisions and compare
our results to other analysis of these physics in the literature. Several technical points are
deferred to Appendices A to E.
2 The model
The hybrid strong/weak coupling model, introduced and extensively described in our earlier
works Refs. [11, 41–44], addresses the challenge of describing the interaction, and consequent
modification, of jets that traverse QGP with which they are concurrently produced in heavy-
ion collisions. The model is based on the following key physical observations.
First, that while the initial production of energetic partons and their showering occur
at scales for which QCD is weakly coupled, both the physics of QGP and of its interaction
with jet constituents involves scales of the order of the QGP temperature for which QCD is
strongly coupled. In the hybrid model, the development of a jet while interacting with QGP
is carried out by blending a holographic formulation of the strongly-coupled interaction of
jet constituents with QGP into a perturbative QCD treatment of the production of hard
partons and parton showering. A hard proton-proton collision is generated with PYTHIA
8.23 [45], including initial state radiation but not multi-parton interactions, showered down
to a transverse momentum scale of 1 GeV, and kept at parton level. To take into account the
different production rate of hard processes in PbPb collisions with respect to pp, initial state
nuclear effects are accounted for by using modified parton distribution functions following
the EPS09 parametrization [46]. The parton showers in these events are then endowed with
a spacetime structure by assigning a lifetime to each individual parton according to [47]
τ = 2
E
Q2
, (2.1)
where E is the parton’s energy and Q its virtuality.
The showered hard proton-proton event is then embedded into a background consisting
of a simulated evolving, expanding and cooling droplet of QGP obtained from state-of-
art hydrodynamical simulations, averaged for a given centrality class [48]. The origin of
the hard event is determined probabilistically according to the density distribution of the
nuclear overlap for the same centrality class, and its azimuthal orientation is set by sampling
a uniform distribution in [0, 2pi). The background provides local, that is for each space-time
point, QGP temperatures necessary for the computation of the modifications imparted on
parton showers by QGP.
In our early works [11, 41, 42], each individual parton was taken to experience energy
loss according to a rate computed holographically [49, 50] for light quarks in the strongly
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coupled plasma of N = 4 supersymmetric Yang-Mills (SYM) theory to be
dE
dx
∣∣∣∣
strongly coupled
= − 4
pi
Ein
x2
x2therm
1√
x2therm − x2
. (2.2)
Here,
xtherm =
1
2κsc
E
1/3
in
T 4/3
(2.3)
is the distance over which the initial energy Ein of a light quark is completely transferred to
the QGP, assuming QGP with a constant temperature T . In the hybrid model, we take a
spatially and temporally varying T from the hydrodynamic background and apply (2.2) to
each parton, with T and hence xtherm varying as a function of x along the parton trajectory.
The strength of interaction is controlled by the parameter κsc which depends on the ’t Hooft
coupling g2Nc, on details of the gauge theory, and on how the energetic parton is prepared.
In the hybrid model, κsc is a free parameter to be fixed by comparing the model predictions
with experimental data. This comparison is done at the hadronic level, after hadronizing
the modified jet shower via the Lund string model as implemented in PYTHIA and without
altering color flows between partons. Fitted values of κsc result in a thermalization distance
3-4 times longer than in N = 4 SYM which is natural if considering the different number
of degrees of freedom in QCD and N = 4 SYM [41, 42, 44].
Taking each individual parton in a shower to have its energy depleted according to
Eq. (2.2) as in Refs. [11, 41, 42] amounts to considering that the QGP resolves every parton
in a shower from the very moment that each is produced in a splitting. Conversely, applying
Eq. (2.2) to a jet as a whole would correspond to assuming that none of the jet internal
structure is ever resolved by the QGP. Neither of these cases is realistic. Instead, the QGP
should be able to resolve as separate objects with which it can interact independently only
those partons which are sufficiently apart. This, the second key observation underlying the
present implementation of the hybrid model was initially formulated in [43] and was used in
Ref. [44] in demonstrating that experimental data on the suppression in the number of jets
and of high-pT hadrons from heavy ion collisions at the LHC can all be fit simultaneously
by adjusting κsc. The resolution length Lres, which for a strongly coupled medium must be
related to the inverse of the local QGP temperature, sets the minimal transverse distance
between partons in a shower such that they are seen as separate by QGP, meaning that they
lose energy independently. Partons closer to each other than Lres will interact with the QGP
as a single object. Energy loss, as given by Eq. (2.2), is effected on each resolved shower
component. The resolution length Lres is a property of QGP that is just as fundamental as
(and perhaps not very different in magnitude than) its Debye screening length – the minimal
distance between static heavy partons such that they diffuse independently of each other
in the QGP. Note that in perturbative analyses of multiple partonic sources traversing the
medium [51–54], the resolution parameter can be related to the description of how a single
parton loses energy; at strong coupling, no such connection between energy loss and the
resolution length has been established and for this reason we shall take Lres to be a second,
independent, free parameter of our hybrid model that ultimately should be determined via
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comparison between calculations and experimental measurements of observables that are
sensitive to its value.
Our third, and last, key observation can be stated simply as that the energy deposited
by jet constituents into the QGP is not necessarily lost from the jet reconstructed from ex-
perimental data. In the hybrid model, the energy lost at the rate given by Eq. (2.2) for each
resolved shower structure is, instantaneously and fully, thermalized – subject to conserva-
tion of momentum as well as energy. In other words, as the partons in the jet pass through
the expanding liquid they locally heat and boost some of it, leaving behind a wake in the
QGP. Overall conservation of energy-momentum requires that the hydrodynamic response
of the plasma, the wake of a jet, to the the energy transferred by the jet carries momentum
in the direction of motion of the jet. While this contribution has been implemented in
several models in different approximations [55–60], in the hybrid model energy-momentum
conservation is implemented in a simplified way without introducing additional parameters.
Noting that the total energy deposited by a jet onto the QGP is small when compared with
the total energy per unit rapidity in the event, we take the additional momentum acquired
by the plasma as a small perturbation which, in turn, results in small perturbations to the
final particle distribution. The modification to the particle spectrum due to the passage of
a jet, computed and fully described in Ref. [11] upon making these assumptions, is given
by
E
d∆N
d3p
=
1
32pi
mT
T 5
cosh(y − yj) exp
[
−mT
T
cosh(y − yj)
]
×
{
p⊥∆P⊥ cos(φ− φj) + 1
3
mT ∆MT cosh(y − yj)
}
.
(2.4)
where pT , mT , φ and y are the transverse momentum, transverse mass, azimuthal angle
and rapidity of the emitted thermal particles whose distribution we have obtained, and
where ∆PT and ∆MT = ∆E/ cosh yj are the transverse momentum and transverse mass
transferred from the jet (whose azimuthal angle and rapidity are φj and yj) to the wake in
the fluid. Comparisons between the calculations in Ref. [11] and experimental measurements
of observables including the jet shape and missing-pT observables indicate that Eq. (2.4)
predicts a few too many very soft particles coming from the wake and not quite enough
such particles in the 2-4 GeV range of pT ; this may indicate that the wakes left behind in
droplets of QGP by passing jets do not fully thermalize.
A characteristic feature of our expression (2.4) for the change in the distribution of
particles created in the freezeout of the QGP-fluid after the jet passage is that it can
become negative. This is not unphysical. This negative contribution reflects the fact that
when a jet deposits momentum in the plasma, the fluid is pushed in the direction of that
jet. As a consequence of this overall motion of the fluid, when the back-reacted fluid freezes
out, it emits more particles along the jet direction than the average event. Conversely,
the production of particles in the direction opposite to the jet is reduced. Therefore, if we
use the average event to separate the jet and medium particles in any observable, we will
over-subtract some particles that are correlated with the jet.
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Eq. (2.4) yields the average number of particles produced by the fluid in association
with the jet. For our jet analyses, in which jets are reconstructed via sequential algorithms,
we generate medium particles according to the distribution via a Metropolis algorithm
described in Ref. [11]. To take into account the over-subtraction effect described above, the
particles coming from Eq. (2.4) that are associated with negative regions of the modified
spectrum are considered as carrying negative mass and momentum. This mimics the effect
of over-subtracting particles correlated with the jet. The technical details of how these
negative particle contribution are treated in our jet analyses can be found in Appendix A.
2.1 Fixing the parameters of the model
As we have just described, our implementation of the model into a Monte Carlo simulation
depends on two model parameters: the strength of the energy loss, parametrized by κsc,
and the medium resolution scale Lres. Since an important part of this work will be to
study how different observables can be used to shed light on the question of whether the
medium resolves components of a jet, we will explore our model for two extreme values of
Lres: Lres = 0 which represents the case in which all partons in the jet are resolved by the
medium right from the moment when they are produced in a splitting; and Lres =∞ which
is the limit in which the resolution length is so large that none of the partons that form the
jet is separately resolved and throughout the evolution and propagation of the jet it is seen
by the medium as a single object. Neither of these choices is realistic. We will also show
results for the value Lres = 2/(piT ), which lies within the range of plausible values for this
parameter [43]. For each of these different realizations of our model, we shall use different
values of the quenching parameter κsc, fitted to data as we describe below.
The case where all partons in the jet are separately resolved from the moment that
they are produced in a splitting, namely Lres = 0, corresponds to the choice that we
made in much of our early work with the hybrid model [11, 41, 42]. For this realization
of the model, we have a reliable determination of the value of κsc, obtained via a global
fit to experimental data on the suppression in the number of jets and high-pT hadrons
in Ref. [44]. The simultaneous description of all those data fixes 0.404 < κsc < 0.423,
in the case where we assume that parton energy loss turns off below a temperature of
Tc = 145 MeV. As explained in Ref. [44], the fact that the QCD transition is a continuous
crossover implies that there is not a well defined value of Tc. However, an equivalently
good fit can be extracted by setting Tc = 170 MeV, yielding a slightly larger range for the
model parameter of 0.447 < κsc < 0.470 [44]. A similar fitting procedure was performed
for Lres = 2/(piT ) which for Tc = 145 MeV (Tc = 170) MeV yields 0.428 < κsc < 0.447
(0.472 < κsc < 0.494). Since after refitting the overall results are equivalent, all the results
of this paper are presented for a fixed value Tc = 145 MeV.
We have not performed a global fit analysis for the other extreme case in which Lres =∞
and the medium sees each jet as a single object throughout its showering and propagation.
This is because in this limit the predictions of the model for RhadAA and R
jet
AA are much closer to
one another than is observed in experiments, as we show in Fig. 9 in Appendix B. Therefore,
it is not possible to simultaneously describe the LHC data sets on hadron suppression and
jet suppression with our model with Lres =∞. This can already be taken as an indication
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that at least some aspects of the substructure of jets are resolved by the medium. Our
goal in this paper is to obtain more direct evidence for this conclusion, however. To make
comparisons of predictions for substructure observables in the case where Lres =∞ to those
where Lres = 0, we shall choose κsc in the former case such that the jet suppression is the
same as that in the latter case for jets with pT = 150 GeV. This choice corresponds to
choosing 0.5 < κsc < 0.52 when we work with Lres =∞. Details of how we have fixed these
values can be found in Appendix B.
With these specifications, all parameters of the model are fixed and we can study
different jet observables using analysis strategies similar to those used in experiments.
3 Charged jet mass
As we have stressed in the Introduction, the total energy lost by a jet in the medium
can depend on the jet substructure, as long as this jet shower develops during its passage
through the medium. As observed in many dynamical realizations of jet quenching [8–11],
wide jets with multiple fragments lose more energy per distance traveled than narrow jets
with the same energy that have fewer internal components, since the wide jets have more
sources of energy loss. The magnitude of this difference is controlled by the ability of the
medium to resolve the internal structure of the jet [8, 43, 61]. As already mentioned, in our
model this ability is controlled by the medium resolution parameter Lres.
A consequence of the above physics reasoning is that in the realization of our model
with perfect resolution (Lres = 0) the ensemble of jets after quenching will on average be
narrower than in the realization of our model in which jet substructure is never resolved
(Lres = ∞). This is because, if their substructure is resolved, wider jets possess more
fragments traversing the medium than narrower ones, and are therefore more quenched. In
contrast, if Lres = ∞ and jets are never resolved then their quenching is independent of
their substructure and there is no preferential quenching of wider jets. Since the wider jets
have a larger jet mass, a natural expectation is that as a consequence of this physics the
mass distribution of the ensemble of jets after quenching will be shifted toward lower masses
in the realization of our model with perfect resolution than in the realization in which jet
substructure is never resolved. In the latter case, we should expected a mass distribution
after quenching which is closer to the mass distribution of jets in vacuum, without any
quenching. As we will see in this Section, soft dynamics associated with the wake that the
jets leave behind in the droplet of QGP obscures this effect.
To be able to compare with ALICE results from Ref. [62], we compute the charged jet
mass, defined as
M2ch ≡ (pµjet)2 , (3.1)
in our model. Here, jets are reconstructed with the anti-kT algorithm [63] with radius
parameter R = 0.4 using only charged hadrons that lie within |η| < 0.9, and the jet is
required to be within |η| < 0.5.
In the experimental analysis [62], a constitutive subtraction method is applied to the
momentum of each of the jet particles to eliminate the contribution of the many soft particles
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Figure 1. Results for the charged jet mass from hybrid model computations at
√
s = 2.76
ATeV, for two extreme values of Lres, with Lres = 0 in the upper row and Lres = ∞ in the lower
row, compared to ALICE unfolded PbPb data [62]. Results for our vacuum reference, labeled as
PYTHIA, are shown in purple dots. Dashed bands correspond to our results without the inclusion
of particles coming from medium response, while solid bands correspond to the full result.
produced in PbPb events. Unlike in this experimental analysis, in our simulations we do
not perform such a subtraction since we can tag which particles are correlated with the jet
and restrict our analysis to those. In our model these can be broadly classified into two sets:
particles that arise from the hadronization of the quenched jet shower; and particles that
arise from the moving fluid left behind by the back-reaction of the jet on the fluid. Unlike
the former, the latter are generically very soft, since they have a transverse momentum
comparable to the medium temperature; nevertheless, as we will see these have a significant
effect on this observable.
In Fig. 1 we show our hybrid model results for the distribution of the charged jet mass
before quenching (PYTHIA in the figure) and after quenching, for two values of Lres (the
extreme possibilities Lres = 0 and Lres = ∞), comparing these results to measurements of
PbPb collisions from ALICE. In order to focus solely on the effects of resolution, we start
by discussing the contribution of particles from the jet hadronization, without including
the soft medium back reaction contribution. This is represented by the dashed lines in all
panels of Fig. 1. Consistent with the expectation described above, for Lres = 0 we observe
that charged jet mass distribution clearly shifts to the left, consistent with a narrowing of
the final jet distribution for the given jet pT range. In contrast, the choice of Lres = ∞
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translates into barely any modification of the charged jet mass distribution, which is again
consistent with our discussion. When comparing with ALICE data, which show that the
PbPb mass distribution is consistent with the proton-proton distribution as simulated by
PYTHIA we may be tempted to conclude from this data that the resolution scale in the
plasma formed in PbPb collisions must be large. However, reaching such a conclusion would
be premature.
As shown in the solid bands of Fig. 1, the sensitivity of this observable to the soft par-
ticles that originate from the hadronization of the moving fluid that carries the momentum
lost by the jet is significant. Let us stress here that including this set of particles correlated
with the jet direction is not optional. Momentum conservation makes it a necessity that
when the jet loses momentum there must be a region of the droplet of plasma that gains this
momentum, and it is then a necessity that, after this moving fluid hadronizes, some fraction
of the hadrons which result end up reconstructed as a part of what the experimentalists
define as a jet. The inclusion of these soft particles, which are distributed almost uniformly
in angle out to some angle that is much larger than the anti-kT jet reconstruction parameter
R = 0.4, pushes the jet mass distribution out toward larger masses, hence acting in the
opposite direction to the effect that we discerned above. Recall that the previous effect is
much larger for Lres = 0 than for Lres = ∞; unfortunately, the push to larger jet masses
coming from the particles originating from the wake in the plasma is also larger for Lres = 0,
for the simple reason that the energy loss experienced by the wider jets – and hence the
wake that they leave in the plasma – is greater when Lres = 0. The competition between
these two opposite effects conspires to yield the conclusion that in our hybrid model with
Lres = 0 and the back-reaction on the medium (the wake in the plasma) included the jet
mass distribution after quenching is consistent within uncertainties with what it was for
jets in vacuum, absent any quenching. This in turn is consistent with ALICE unfolded data
for jets in PbPb collisions across the three different ranges of jet pT shown in Fig. 1. In
contrast, in the model realization in which Lres = ∞ and the substructure of jets is never
resolved by the medium the amount of energy lost has little sensitivity to the jet mass,
and neither does the strength of the wake in the plasma. With Lres = ∞ it turns out on
balance that, upon including the particles coming from the wake in the plasma, the jet
mass distribution after quenching is somewhat wider than that observed in the data1.
While the agreement of our hybrid model with this data in the totally resolved limit with
Lres = 0 seems at first glance rather striking, it is important to realize that this charged mass
distribution arises as the direct consequence of the combination of two competing effects
that, within uncertainties, cancel in our model. On the one hand, we expect that when the
substructure of jets are resolved the ensemble of jets after quenching should be narrower,
with a jet mass distribution pushed to lower masses; on the other hand, the medium back
1As may be inferred by inspection of Fig. 1, the normalization of the jet mass distribution after quenching
differs between the calculations that include or omit the soft particles coming from the wake in the plasma.
The reason for this is the presence of “negative particles” associated with back-reaction, which mimic the
effect of over-subtraction of a homogeneous background [11], and which in some cases (about 5% of the
sample) lead to negative squared masses. While these “imaginary” masses cannot be shown in a standard
plot, they are responsible for the fact that the curves in Fig. 1 integrate to somewhat less than one.
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reaction introduces many soft particles spread over a large angle which pushes the jet mass
distribution upwards. Noting that in previous work we have shown quantitatively that our
model treatment of the medium backreaction is incomplete in ways such that our model
fails to describe measurements of the modification of the jet shape in PbPb collisions [64],
it is appropriate to suspect that the cancellation that we have found here is only an artifact
of the model. The competition between two effects pushing in opposite directions, and their
near cancellation, suggests that the jet mass distribution is not an observable that is well
suited to determining whether the medium produced in heavy ion collisions does or does
not resolve the substructure of jets shooting through it. We need to find other observables
that have significantly less sensitivity to the soft particles coming from the hadronization
of the flowing wake that the jets leave behind in the plasma, since such observables should
in general be under better theoretical control. With this as motivation, in the next Section
we will concentrate on groomed jet substructure observables that are dominated by hard
components of a jet.
4 Groomed jet observables
Over the last decade, a large number of jet analysis techniques have been developed in
order to devise observables with decreased sensitivity to soft components of jets. These
techniques, generically known as jet grooming methods, have been used extensively to
analyze jets in proton-proton collisions. In the last few years, some of those tools — in
particular those employing the ‘Soft Drop’ procedure [12] — have also been employed to
study jets produced in heavy ion collisions, both at the LHC [65–67] and at RHIC [68].
Motivated by these measurements, in this Section we will explore the sensitivity of
different observables obtained via ‘Soft Drop’ to choices we make for the resolution length
of QGP. Althought the algorithm and its properties have been thoroughly described in the
literature [12], we shall choose here to describe the procedure as implemented in our Monte
Carlo simulations both for completeness and to establish notation.
The Soft Drop procedure starts by identifying and reconstructing a sample of jets
using the anti-kT algorithm [63] with some specified value of the anti-kT radius R. The
constituents of each jet that have been identified in this fashion are then reclustered using
the Cambridge/Aachen algorithm [69, 70]. This algorithm, which is based only on the
angular separation of tracks not on their energies or momenta, is not suitable for finding
jets; speaking colloquially, the reason for this is that if it is used to find jets this algorithm
gets much too easily distracted by soft particles from the underlying event (in pp collisions)
and the medium (in heavy ion collisions). That said, however, once a jet has been identified,
reclustering its constituents using the Cambridge/Aachen algorithm is particularly effective
at finding its subjets. In particular, for an angular ordered shower as in a jet that showers
in vacuum, in which each subsequent splitting happens to leading logarithmic accuracy
at a smaller angle than that of the splittings that preceded it, the Cambridge/Aachen
algorithm in effect seeks to rebuild the jet in the opposite order from the way in which it
developed in time. The reclustering first groups constituents that are closest together, as
for those originating from the last splittings in the shower. It then clusters these groups
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sequentially into structures that are larger and larger in angular extent, with the last steps
in the reclustering thus plausibly corresponding to the earliest splittings in the parton
shower unless, that is, they originate from soft gluon radiation. With this motivation in
mind, the next step in the Soft Drop procedure is to separate the jet into two subjets by
undoing the last step of the Cambridge/Aachen reclustering, and then to check whether
the configuration of two subjets satisfies a ‘Soft Drop condition’. If the condition is not
satisfied, this means that one of the two subjets is considered soft, and is dropped. The
procedure is then repeated until the Soft Drop condition is satisfied, at which point the
two subjets then in hand are used to defined groomed jet observables. Different variants
of the Soft Drop procedure, corresponding to different choices for the Soft Drop condition
and hence different criteria for what is groomed away, can be employed. In particular, the
configuration of two subjets is said to pass the ‘Soft Drop condition’ if these two subjets
satisfy
min (pT,1, pT,2)
pT,1 + pT,2
> zcut
(
∆R
R
)β
(4.1)
with ∆R the angular separation between the subjets in the (η , φ) plane and zcut and
β two parameters that specify the grooming procedure, controlling which emissions are
groomed away. If the pair of subjets does not satisfy the condition, then the softer subjet is
dropped and the process is continued by undoing one more step of the Cambridge/Aachen
reclustering of the harder branch, and repeating the check of the Soft Drop condition again.
If at some point (after some number of grooming stages) a configuration of two subjets is
found that satisfies the condition (4.1), this means that the jet contains two subjets neither
of which is soft, and these two subjets may then be used to defined groomed jet observables.
If, however, as one undoes all the steps of the Cambridge/Aachen reclustering the Soft Drop
condition (4.1) is never met, the jet is said to be untagged, which in this context means
that it cannot be separated into two subjets neither of which is soft.
Of the two parameters in the Soft Drop condition (4.1), the one whose role is more
straightforward to understand is zcut. If a very small value of zcut is chosen, almost any-
thing satisfies the Soft Drop condition and almost nothing is groomed away. Choosing a
sufficiently large zcut ensures that the momenta of two subjets satisfying (4.1) that remain
after grooming are both large relative to momenta typical of the underlying event, meaning
that the properties of these two subjets become less and less sensitive to soft dynamics, and
in the case of a heavy ion collision less sensitive to particles originating from the hadroniza-
tion of the droplet of plasma rather than from the jet. The groomed observables become
more and more insensitive to soft dynamics for larger and larger values of zcut and, for any
given zcut, for jets with higher and higher jet energy.
Choosing the parameter β gives us a means for intoducing a preference for smaller or
larger angles between the pairs of subjets that remain after grooming. If β = 0 [71] then
soft fragments are groomed away without regard for their angular separation. If β < 0 then
slightly harder fragments will get groomed away if they are more collinear while slightly
softer fragments that are separated by a larger angle may satisfy the Soft Drop condition
(4.1) . If β > 0, soft but nearly collinear subjets can satisfy the Soft Drop condition. From
this discussion, it becomes clear that only choices with β < 0 are collinear safe. Other
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values of β yield groomed observables that are nevertheless Sudakov safe [72] and will also
prove instructive at various points below.
If the Soft Drop procedure yields two groomed subjets satisfying the condition (4.1),
the first observable that we define is the momentum-sharing fraction of those two subjets,
denoted zg and defined as the right-hand side of the condition (4.1):
zg ≡ min (pT,1, pT,2)
pT,1 + pT,2
. (4.2)
By construction the maximum value for this fraction is zg = 0.5. Its lowest value depends
on the parameter β and it is z = zcut for β = 0.
From the kinematics of the two groomed subjets that first satisfy the Soft Drop condi-
tion (4.1), we can also define a Soft Drop groomed jet mass Mg as follows. We first define
the groomed four-momentum of the jet:
Pg ≡ P1 + P2 , (4.3)
where P1 and P2 are the four momenta of the subjets with transverse momenta pT,1 and pT,2.
The groomed mass Mg is then defined in a straightforward fashion as the corresponding
invariant mass:
M2g ≡ P 2g . (4.4)
We shall present results for the distributions of zg and Mg from our model calculations
done with varying Lres in Sections 4.2 and 4.4 respectively.
We shall find that the modification of the internal structure of jets that propagate
through QGP does not depend only on the momenta of the two subjets, but also on their
angular separation ∆R. To better understand the systematics of that modification, it is in-
structive to study the density of subjets in the (log(1/zg), log(1/∆R)) plane, which provides
much more information than the individual distributions of zg orMg. Two-dimensional dis-
tributions of this type, known as the Lund plane, have been very useful in the design of
new observables for pp collisions at the LHC (see Ref. [73] for a recent discussion) and
are becoming a widespread tool for the analysis of jet physics in-medium as well [74]. In
Section 4.3 we shall present Lund plane distributions defined from the two subjets that first
satisfy the Soft Drop condition obtained from our model calculations done with varying
Lres.
Once the Soft Drop condition is met and two subjets satisfying it have been found,
the Soft Drop procedure can be iterated, for our purposes with the goal of providing an
operational count of how many hard splittings there are within the original jet. This can
be done in a number of ways; we shall employ the iterated Soft Drop (ISD) procedure of
Ref. [75]. In the ISD procedure, the softer of the two subjets found previously is recorded
and removed, and the Soft Drop procedure is then applied anew to the harder of the two
subjets. Further declustering and grooming, following the Soft Drop procedure, ensues
until the Soft Drop condition (4.1) is again met, with two new subjets identified. Again
the softer of these two subjets is recorded and removed, and the Soft Drop procedure is
applied yet again to the harder one. These steps are repeated iteratively until the entire
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Cambridge/Aachen reclustering of the jet has been undone. From this iterative procedure,
the ‘number of Soft Drop splittings’, nSD, is defined. nSD counts the number of times that
the Soft Drop condition is satisfied as the hardest branch of the jet is iteratively declustered.
It is a measure (not the only possible choice of such a measure) of the multiplicity of hard
splittings within the original jet. In Section 4.1 we shall present results for the distribution
of nSD from our model calculations with varying Lres.
For an angular ordered shower as in a jet that showers in vacuum, this iterative proce-
dure based upon sequentially undoing the Cambridge/Aachen reclustering of the jet con-
stituents starts from the hardest parton early in the shower that satisfies the Soft Drop
condition and follows its subsequent splittings, in order. Jets that shower within a droplet
of QGP need not be angular ordered, however, for several reasons: (i) because the recon-
structed jets necessarily include soft particles originating from the hadronization of the
moving plasma – the wake – that the jet leaves behind; (ii) because the jets may include
partons from the medium that have been kicked by partons in the jet; and (iii) because
partons in the jet that receive a kick may radiate gluons at large angles. If the shower is
not angular ordered, the sequence of steps in the Soft Drop procedure will not follow the
sequence of steps that occurred during the branching process itself. This means that the
interpretation of Soft Drop observables in heavy ion collisions is necessarily different than in
proton-proton collisions. It is nevertheless very interesting to measure how such observables
are modified in heavy ion collisions because in any given model for how jets interact with
the medium it is possible to study how sensitive these observables are to various different
physical phenomena. In the following subsections we will explore the effect of the medium
on different Soft Drop observables.
4.1 Number of Soft Drop splittings, nSD
The first observable whose distribution we shall calculate and present is the number of
Soft Drop splittings nSD. As we have discussed above, this provides one measure of the
number of subjets within a jet. The results from our hybrid model calculations are shown
in Fig. 2. This observable has been recently measured in PbPb collisions at the LHC by the
ALICE collaboration [67] using what we shall refer to as the flat grooming procedure, with
zcut = 0.1 and β = 0. For this reason, we employ this choice of grooming parameters. With
this choice, soft fragments are groomed in a way that is independent of the angle between
the candidate branches.
In Fig. 2 we present the results of our model calculations for the two extreme values
Lres = 0 and Lres =∞. These two realizations of the model yield distinct nSD distributions.
The choice Lres = ∞ corresponds to the case where the QGP medium responds to the jet
as if it were just a single energetic colored probe regardless of how the partons within the
jet split and shower. In this case, the nSD distribution is very similar to what it would
have been for jets in vacuum: the jet loses energy overall, but its internal structure is not
modified and hence neither is the nSD distribution. The choice Lres = 0 corresponds to
the case where the QGP medium resolves the jet fully, with every parton in the shower
losing energy independently as the shower develops and propagates in the QGP medium.
The quenched nSD distribution for these fully resolved jets shifts towards smaller nSD. This
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Figure 2. Distribution of the number of Soft Drop splittings, nSD, in our hybrid model calculations
with Lres = 0 (red bands) and Lres = ∞ (blue bands) for 0–10% central heavy ion collisions with√
s = 2.76 ATeV. We compare these results to the nSD distribution for jets in proton-proton
collisions that shower in vacuum, obtained from PYTHIA and shown as the purple dots. The Soft
Drop procedure used in the calculation is specified by the grooming parameters in the Soft Drop
condition (4.1), chosen as zcut = 0.1 and β = 0. The red and blue dashed bands (which are almost
identical to the red and blue solid bands) show the results that we obtain upon ignoring particles
originating from the moving wake deposited by the jet in the plasma; since these particles are soft,
they hardly contribute to a groomed observable like nSD.
means that the jets with pjetT between 80 and 120 GeV after quenching tend to have a
smaller nSD than the jets in this pT -range in the absence of quenching. This is exactly the
behavior that we could have expected for a fully resolved shower. As long as jet constituents
are separately resolved by the medium, among jets with the same energy before quenching
those which contain more lower energy constituents will lose more energy than those which
contain fewer harder constituents. That is, as long as jet constituents are fully resolved we
should expect that jets with larger nSD lose more energy than jets with the same energy
with smaller nSD. Given that the jet spectrum is a steeply falling function of jet energy,
this means that the jets that remain in a given pT -range after quenching will be those which
lose less energy, meaning those which tend to have smaller nSD.
Since the number of splittings increases with the angular width of the jet, we can
also summarize this behavior by the statement that wider jets lose more energy, with the
consequence that the jets that remain in a given pT -range after quenching tend to be nar-
rower. This conclusion has been demonstrated previously via analyses of other observables,
in models of jet quenching that are built upon weakly coupled physics [8], in holographic
models of jet quenching that assume strongly coupled physics [9, 10], as well as in our
hybrid model [11]. What we now see from the present calculation is that this effect goes
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away as the ability of the medium to resolve the splittings within a jet is reduced. In the
extreme limit in which Lres = ∞ and none of the subjets within a jet can be resolved, jet
quenching can only depend on the energy of the jet, not on its internal substructure, and
jets with the same energy but differing number of splittings and hence differing nSD lose
energy similarly. In this case, the quenched jet nSD distribution is essentially identical to
its initial distribution, prior to quenching.
Quite unlike what we found for the charged jet mass in Section 3, the Lres-dependence
in our calculation of the nSD distribution is robust in the sense that it shows almost no
sensitivity to the soft particles that come from the hadronization of the plasma, including
the moving wake created in the plasma by the jet. We illustrate this via the dashed colored
bands in Fig. 2 which show the nSD distributions that we obtain when we neglect the
contribution from the wake in the plasma, which are almost identical to the results of the
full computation shown in the solid colored bands.
The observable nSD serves to make the points that we wish to make perfectly in all
respects except one: the differences between the nSD distributions obtained upon making
the two extreme assumptions for Lres, namely Lres = 0 or Lres =∞, are small in magnitude.
This means that although our model study of this observable serves to illuminate the salient
physics very clearly, the sensitivity of this observable to changes in the value of Lres is
sufficiently limited that it would be rather a challenge to use experimental measurements of
this observable to constrain the value of Lres. Recent measurements by ALICE [67] show a
small shift of the quenched nSD distribution toward smaller nSD, although the uncertainties
in the measurement mean that it is still consistent with the vacuum distribution. Also, as we
shall discuss further in Section 5, these measurements should anyway not yet be compared
quantitatively to our calculations since the measurements have not been unfolded and since
we are not able to smear the results of our calculations in a way that incorporates detector
effects. While progress on these fronts together with higher precision measurements of
the distribution of nSD could in principle be used to determine the resolving power of the
medium, in the next Subsections we will explore other observables which are more sensitive
to the dependence of the energy loss on the number of propagating sources of energy loss
within a jet, and hence are more sensitive to the value of Lres.
4.2 Momentum sharing fraction, zg
We turn now to the results we obtain from our model calculations of the zg-distribution,
and how it is modified for jets in heavy ion collisions that fragment in medium relative
to what is seen for jets in proton-proton collisions that fragment in vacuum. Recall that
zg, defined in (4.2), describes the momentum sharing ratio of the two subjets identified by
the Soft Drop procedure the first time that the condition (4.1) is satisfied. In the case of
high-energy jets from proton-proton collisions, with an appropriate choice of normalization
the zg distribution provides direct experimental access to information about the partonic
splitting functions that govern how a jet showers in vacuum [72]; this is a central reason for
the interest in measuring this distribution in proton-proton collisions. In medium, however,
because the shower development is not angular ordered and because particles appearing at
large angles relative to the jet axis can have multiple origins, there is no reason to expect
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Figure 3. The ratio of the zg distributions in 0-10% central PbPb collisions with
√
s = 2.76
ATeV as calculated in the hybrid model with Lres = 0 (left panel) and Lres = ∞ (right panel) to
the zg distributions in proton-proton collisions as calculated in PYTHIA. The zg-distributions for
the PbPb and pp collisions are not self-normalized; as in the ALICE analysis of Ref. [67], each is
normalized to Njets, the number of analyzed jets (reconstructed using the anti-kT algorithm with
radius parameter R = 0.4; with the transverse momentum in charged particles in the jet in the
range 80 GeV< pchT,jet < 120 GeV). In each panel, we show the ratio of zg distributions for all pairs
of subjets found by the Soft Drop procedure in dark grey, and the ratio of the zg distributions only
for those pairs of subjets separated in angle by ∆R < 0.1 (∆R > 0.2) in blue (red). In the dashed
bands (which are very similar to the corresponding solid bands) we present the results obtained by
ignoring the particles that originate from the moving wake in the plasma that are reconstructed as
part of the jet. As in Fig. 2, since these particles are soft they hardly contribute to this groomed
observable.
that the zg distribution can be interpreted in this fashion. We shall see that it is nevertheless
very interesting to measure the ratio of zg distributions in heavy ion collisions to those in
proton-proton collisions. We shall see that a suitably differential measurement of how these
distributions are modified in heavy ion collisions can give us insights into the degree to
which the QGP medium resolves constituents within a jet shower, and ultimately could be
used to constrain the value of the resolution length of QGP. The other motivation for this
analysis is that zg distributions in heavy ion collisions have been measured by the CMS
[65], STAR [68] and ALICE [67] collaborations.
The results of our model calculations of the zg distribution are illustrated in Fig. 3. As
in our calculations of nSD described in the previous subsection, we follow ALICE and choose
β = 0 and zcut = 0.1. We choose not to self-normalize each zg-distribution, choosing instead
to normalize each distribution by the total number of jets that enter the pT cuts within
the acceptance, which we denote by Njets. In this way, more information is retained and,
in particular, the different relative contributions to zg of events in which the two subjets
have different angular separations can be studied. Instead of presenting the individual
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zg-distributions, in Fig. 3 we show the ratio of the zg distribution for PbPb collisions as
calculated in the hybrid model to that for pp collisions from PYTHIA. As in our analysis of
nSD, we present the results of calculations done upon making the two extreme assumptions
for the QGP resolution length: Lres = 0 in the left panel and Lres = ∞ in the right
panel. In both panels, the grey band represents the ratio of zg distributions without any
angular cut in the subjet separation, while the blue and red bands represents the ratio of
zg distributions when the two subjets are required to be separated by an angular distance
∆R < 0.1 and ∆R > 0.2, respectively. We see that if we had only looked at the grey
bands we would have seen almost no dependence on Lres: if we integrate over subjet pairs
with any angular separation, this observable is not sensitive to whether the medium is or
is not able to resolve constituents within jets. However, the comparison between the left
and right panels of Fig. 3 clearly shows that when we do an analysis that is even somewhat
differential in ∆R, focusing on either subjets that are very close together (∆R < 0.1) or
those that are more separated (∆R > 0.2) then we find that the ratio of zg distributions
is an observable that is quite sensitive to the degree to which the medium can resolve jet
constituents.
Before continuing on to the next observable that we shall consider, a number of features
of the results shown in Fig. 3 warrant discussion. One characteristic feature of all the zg
distribution ratios in the figure (regardless of the angular cut and the value of Lres) is
that the modification of the zg distribution in heavy ion collisions relative to that in pp
collisions is almost completely independent of zg. This feature is a natural consequence of
our modelling assumption that neither the virtualities nor the z fractions of the splittings
in the shower are to be corrected due to quenching effects.
We note that in the case where Lres = 0 and the medium is able to resolve all the
partons within the jet shower, careful inspection of the grey curve in the left panel of Fig. 3
shows that the zg distribution for the case in which subjet pairs with all values of ∆R is
very slightly zg-dependent, slightly below one at small zg and slightly above one at large zg.
This small effect originates from the independent energy loss of the two subjets that occurs
in a medium with Lres = 0; it is not seen in the case of a medium with Lres = ∞. At the
partonic level, this effect is somewhat larger, although not large; hadronization reduces it.
Next, we turn to the much more striking feature seen in our calculations with Lres = 0,
in which the medium is able to resolve every parton in the jet shower. In this case, we see
that the ratio of the zg distribution in heavy ion collisions to that in pp collisions depends
very significantly on how we cut on the angular separation ∆R between the subjets identified
via the Soft Drop procedure. If we average over all values of the angular separation ∆R
between the pair of subjets found within an R = 0.4 jet via the Soft Drop procedure, the zg
distribution for the jets in medium is almost unchanged relative to that for jets in vacuum.
However, the blue (red) bands in the left panel of Fig. 3 show that if we focus only on
narrow (wider) subjet structures, we obtain quite different results. The enhanced value of
zg for in-medium subjet pairs that are narrow (small angular separation) tells us that these
subjet structures are more common in the ensemble of jets after quenching than in the
ensemble of vacuum jets. Similarly, the suppression of the zg distribution ratio for wider
subjet pairs shown by the red band tells us that more widely separate subjets have become
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less common in the ensemble of jets after quenching. We conclude that although the shape
of zg distribution itself is hardly modified by quenching, the shape of the distribution of
∆R, the angular separation between subjets, must be severely modified by quenching – as
long as the medium can resolve the internal structure of the jets. This result is again a
direct consequence of the observation that wider, larger multiplicity, jets lose more energy
in medium – as long as their internal structure is resolved. This is the same mechanism
that leads to a bias towards (narrower) less active jets with smaller nSD that we saw in
Fig. 2.
The jet activity, quantified in terms of the number of splittings nSD, or the narrow-
ness/wideness of the jet, quantified in terms of the angular separation ∆R between subjets
identified via the Soft Drop procedure, will each be determined by the virtuality of the
jet (the jet mass) which can be assigned when the first splitting after the hard scattering
occurs. If this jet mass is large it means that the resulting jet will likely contain subjet
structures separated by a large ∆R. And, to the extent that high virtuality splittings re-
sult in high multiplicity jets, finding a subjet structure with larger ∆R should be correlated
with finding a jet with a larger value of nSD. (For an explicit check, see Fig. 10 in Ap-
pendix C.) We can then easily understand why, in the totally resolved limit with Lres = 0,
there is a suppression of the ∆R > 0.2 subjet pairs in medium with respect to in vacuum,
since such wider jets tend to be more suppressed due to their higher number of effective
energy loss sources. Complementarily, the relative contribution of narrow configurations
with ∆R < 0.1 is enhanced.
Note that the jet mass defined when the first splitting after the hard scattering occurs
need not be the same as the (charged) jet mass as measured in experiment and discussed
in Section 3 because of all the soft particles from the wake in the plasma that end up
reconstructed as a part of the jet in the final state. The Soft Drop procedure allows us to
get our hands on ∆R, which is correlated with the mass of the jet as it was after the first
splitting in the jet shower. In Section 4.4 we shall look at the corresponding groomed jet
mass observable itself.
It might also be worth stressing that the shape of the QCD splitting function does not
depend on the angle of the emission, given enough phase space, which is largely the case
for the first Soft Drop splitting. (See Fig. 11 in Appendix C to see this is true for the
majority of jets.) This is why we can see a suppression of the wider configurations without
any visible modification of the shape of the zg distribution.
By comparing the results in the left panel of Fig. 3 that we have discussed above
with the results in the right panel, which were obtained from our model with Lres = ∞
in which the medium cannot resolve any substructure within a jet whatsoever we see that
the strong differences between the large-∆R and small-∆R zg distributions seen in the left
panel are characteristic of a medium whose resolution length is small enough that it can
resolve structures within jets. If the medium cannot resolve the constituents of the parton
shower as it develops within the medium, then quenching dynamics are insensitive to the
jet width, insensitive to the angular separation between subjets ∆R, and insensitive to nSD
as we saw in Section 4.1. The small differences between pp and PbPb zg distributions that
do arise in the right panel of Fig. 3 reflect other effects, such as the change in relative ratios
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of quark to gluon jets in the quenched jet sample and the reduction of phase space due to
quenching.
The comparison between results obtained from model calculations with the two extreme
values of Lres shown in Fig. 3 tell us that we may use measurements of these observables
to constrain the resolution length of quark-gluon plasma, Lres. We shall defer further
discussion of how to do this to Section 4.5. It is pleasing to see, though, that (quite unlike
what we found for the charged jet mass in Section 3) the zg distribution ratios are all quite
insensitive to the soft particles coming from the back-reaction of the jet on the medium,
namely from the moving wake in the plasma created by the jet. This is illustrated in Fig. 3
by the similarity between the dashed bands (in which the zg distribution for jets in the
medium was computed without any contribution to the jets coming from the wake) and the
solid bands with the same color. We see that for this groomed observable, as for nSD, the
Soft Drop grooming procedure has had the desired effect.
We conclude this Section by noting that since all the different zg distribution ratios
show very little dependence on zg, meaning that all the zg distributions have similar shape,
if we had chosen to self-normalize each of the zg distributions we would not have seen any
of the interesting in-medium effects, and would not have realized that there are substantial
consequences for these observables of the value of Lres. Only if the absolute normalization
is kept will it be possible to use this observable to discern whether the jet shower is resolved
by the medium or whether the jet behaves in medium as if it were just a single energetic
colored probe, losing energy. The reader may have noticed that, strictly speaking, the
norm of these distributions is not under good perturbative control. As shown in Ref. [12],
the momentum sharing distribution for β = 0 is not an infrared and collinear (IRC) safe
quantity. However, while still IRC unsafe, the self normalized zg-distribution is Sudakov
safe [72] and, as a consequence, is amenable to perturbative computation. We have also
tested that there is no problem in practice by repeating the entire present analysis upon
choosing a small negative value β = −0.05 instead of β = 0; this makes the observable IRC
safe, and we find that our results change by less than 5%. However, to make contact with
the already existing measurements of this quantity by the CMS and ALICE collaborations,
we chose to present our β = 0 results here. That said, a direct comparison between our
results for this observable and measurements at the LHC as of today is not straightforward,
and may even be misleading, since the measurements have not yet been unfolded. We will
come back to this point in Section 5.
4.3 Lund plane
As we have discussed, the inclusion of an angular restriction to the momentum sharing
fraction (zg) distribution leads to a much larger sensitivity to in-medium physics than the
angular-averaged counterparts. As we have already argued, this observation implies that
the modification of the internal structure of in-medium jets does not only depend on the
momentum of the fragments but also on their angular distribution. To better understand
the systematics of that suppression, it is instructive to study the density of subjet pairs,
which is to say first hard splittings in the shower, in the (log(1/zg), log(1/∆R)) plane and
how this is modified in PbPb collisions, as this provides much more information than the
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Figure 4. The Lund plane defined by the first pair of subjets found via the Soft Drop procedure
that pass the Soft Drop condition (4.1). The three panels show this Lund plane for jets in vacuum as
described by PYTHIA, and for jets in a medium with Lres = 0 (middle panel) and Lres =∞ (right
panel) as described by the hybrid model at
√
s = 2.76 ATeV. Color indicates the density in the
(log(1/zg), log(1/∆R)) plane corresponding to the probability of finding such subjets with a given
zg and ∆R. We have used the flat grooming procedure (β = 0 and zcut = 0.1) and the distributions
are normalized to the total number of analyzed jets, Njets, within the cuts 80 < P chT,jet < 120 GeV
and |η| < 0.9. The jets were reconstructed with anti-kt radius R = 0.4. White curves correspond
to contours of constant log(1/(Mg/pT,g)), where Mg is the groomed mass and pT,g is the groomed
transverse momentum of the jet.
various zg distributions presented in the previous section. This two-dimensional Lund plane
distribution has been widely used in the design of new observables for pp collisions [73] and
is becoming widespread as a tool with which to analyze in-medium jet physics also [74].
In Fig. 4 we show our model calculations for the Lund plane distribution defined by
the first pair of subjets found during the Soft Drop declustering procedure that pass the
Soft Drop condition (4.1). This Lund plane distribution is constructed from the angular
separation ∆R and the momentum fraction zg of this pair of subjets. This distribution
depends on the Soft Drop parameters; the results presented in Fig. 4 are for the flat groom-
ing procedure (β = 0, zcut = 0.1). To make contact with ALICE measurements, the total
transverse momentum of charged particles in the jets that populate these distributions are
restricted to 80 GeV < pchT jet < 120 GeV and their pseudorapidity is within |η| < 0.9. In
this figure, the left panel shows the distribution for our reference vacuum computation,
given by PYTHIA, and the middle and right panels correspond to the two extreme assump-
tions for the in-medium resolution parameter, Lres = 0 and Lres = ∞ respectively. Each
Lund plane distribution is normalized to the number of jets that pass the cuts, Njets. The
zg distributions presented in Fig. 3 may be obtained by integrating these two-dimensional
distributions in the corresponding intervals of ∆R.
The comparison of the different distributions shown in Fig. 4 allows us to understand
important features of in-medium jet evolution. Let us start our discussion by comparing
the totally unresolved case, Lres =∞, with the reference PYTHIA computation. As we saw
for the momentum sharing fraction in Section 4.2, the density of fragments in the entire
Lund plane for unresolved in-medium jets is almost identical to that for unmodified vacuum
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jets. Extending the discussion of the previous section, these results show that in the totally
unresolved case (in which the medium is unable to resolve any structure within a jet) the
distribution of the primary Soft Drop subjets are almost the same after quenching as they
were in vacuum. This is certainly expected, since in this case in-medium energy loss does
not alter the relative weights of the different splittings since it cannot ‘see’ them.
In contrast, when the jet is totally resolved, meaning that Lres = 0 and the medium is
such that each parton in the developing jet shower loses energy independently, the distribu-
tion of the primary Soft Drop subjets in the Lund plane is clearly modified. As shown by
comparing the middle and left panels of Fig. 4, for a fixed value of the momentum sharing
fraction zg the density of splittings is shifted towards smaller angles (or larger values of
log(1/∆R)): the red shifts to the right. This is a direct manifestation of the observation
that when the resolution length of the medium is short enough that substructures within
a jet are resolved, jets with larger ∆R and more constituents lose more energy. Hence, the
observed distribution after quenching is biased toward subjets with narrower angular sepa-
ration ∆R in a medium with Lres = 0. To better illustrate this effect, in all panels of Fig. 4
we have shown contours of fixed log(1/(Mg/pT,g)), where Mg is the groomed mass and pT,g
is the groomed transverse momentum of the jet, as defined from Eq. (4.3). Using simple
kinematics, and neglecting the effect of rapidity, the quantityMg/pT,g is well approximated
by the relation
M2g
p2T,g
' zg(1− zg)∆R2 , (4.5)
which we have used to draw the white contours in Fig. 4. This relationship provides an
illustration, in the present context, of the relationship between the ratio of jet mass to jet
transverse momentum (here groomed, in both cases) to the angular width of the jet (here
the angular separation between the two subjets). As is clearly seen in the distributions
displayed in Fig. 4, in the case where the medium has the ability to fully resolve the
partons in a jet shower the effect of quenching is a shift toward smaller values of Mg/pT,g,
which is to say a shift toward narrower groomed jets. This arises because narrower jets
contain fewer active fragments, and it is the wider jets with more active fragments that lose
more energy. (The reader may wonder whether this could instead be described as an effect
due to formation time, with jets that form earlier losing more energy — and also being
wider. We show in Appendix D that this is not the right interpretation: any effect of the
formation time on the degree of energy loss is much less significant than the effect of how
many active fragments a jet has and how wide it is.)
In addition to the red ridge shifting to the right, the second significant difference that
we see in the middle panel of Fig. 4 (relative to the left-panel) is that the bottom-left
corner of the Lund plane has become lower (bluer), and the red ridge has become higher
(redder). The depletion in the bottom-left corner illustrates the fact that if the medium
can resolve the internal structure of jets then jets with large Mg (and large ∆R) are less
common after quenching, because they lose more energy. When, because of energy loss,
there is no sufficiently hard pair of subjets with a splitting that would put them in the
bottom-left corner for the Soft Drop algorithm to find, the Soft Drop algorithm continues,
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Figure 5. Differences between medium and vacuum for the first Soft Drop splitting Lund planes
at
√
s = 5.02 ATeV. Upper row corresponds to Lres = 0 and lower row to Lres = ∞. First column
used the flat grooming parameters, the middle column the core grooming parameters, and the right
column the soft-core parameters; see text for details. In each case, color indicates the difference
between the density in the Lund plane for in-medium jets and the density in the Lund plane for
vacuum jets. The individual Lund planes have been normalized to the total number of jets within
the cuts, which are 140 < pjetT < 300 GeV and |η| < 1.3. The jets were reconstructed with anti-kt
radius R = 0.4. Note that the top-left panel here is, in essence, the difference between the middle
and left panels of Fig. 4 (not exactly, since the cuts are different) and the bottom-left panel here
is, again in esssence, the difference between the right and left panels of Fig. 4 White solid curves
correspond to contours of constant log(1/(Mg/pT,g)), where Mg is the groomed mass and pT,g the
groomed transverse momentum of the jet. The vertical dashed white line represents an angular
separation of ∆R = 0.1.
and it becomes more likely that he first subjet splitting that passes the Soft Drop condition
(4.1) is one of the more common splittings that populate the red ridge. For this reason,
the depletion in the bottom-left corner also has the effect of pushing the red ridge higher,
making it more red as is seen in the middle panel of Fig. 4.
To better highlight the differences in the splitting patterns between vacuum jets and in-
medium jets, in the two left panels of Fig. 5 we show the difference between densities in the
Lund plane of Fig. 4 for in-medium jets and that for vacuum jets, both for the medium with
Lres = 0 and for the medium with Lres =∞. In these left panels, we use the flat grooming
parameters zcut = 0.1 and β = 0 in the Soft Drop condition (4.1). For reasons that will
become apparent shortly, in the middle and right panels we repeat this calculation for two
other choices of how we do the Soft Drop grooming, namely choosing grooming parameters
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zcut = 0.5 and β = 1.5, which we call “core”, in the middle panels and zcut = 0.13 and
β = 1.5, which we call “soft-core”, in the right panels. Because of these different choices
of grooming parameters, what gets dropped before the Soft Drop procedure finds a pair of
subjets that pass the Soft Drop condition (4.1) will differ, and hence so will the kinematics
of the pairs of subjets identified by the Soft Drop procedure and used to populate the Lund
plane distributions. Both configurations with non-vanishing β allow softer subjets than in
the flat grooming procedure, provided that they are separated by a sufficiently small ∆R,
while they will tend to reject soft, large angle, structures.
We see from the lower three panels in Fig. 5 that there is no significant difference in the
Lund plane density for jets in medium relative to those in vacuum if the medium has Lres =
∞, meaning that it cannot resolve any structure within a jet. This observation applies
equally to all three choices of grooming parameters. This is, once again, a manifestation of
the fact that if the medium has Lres = ∞ then jet energy loss cannot depend on any jet
structure, and no groomed jet observable can show significant differences between vacuum
and in-medium jets.
Turning now to the case of a medium with Lres = 0 that can resolve all the partons
in a jet shower, for all three choices of the grooming parameters the upper panels in Fig. 5
show clear differences in the Lund plane densities of subjet pairs for jets in medium relative
to jets in vacuum. Let’s start our discussion with the flat grooming procedure, displayed
in the top-left panel. This panel highlights the features that we already discussed when we
compared the middle and left panels of Fig. 4 and at the same time explains the systematic
dependence observed in the zg distribution at different values of ∆R shown Fig. 3. In
the top-left panel of Fig. 5, we see a clear suppression of subjet pairs for large angular
separations, below log(1/∆R) ∼ 2.3, and a clear enhancement above this angle. In Fig. 3
when we select subjet configurations with ∆R < 0.1 we are selecting the region of the Lund
plane to the right of log(1/∆R) ∼ 2.3, which would correspond to cutting in such a way
that we include the regions of phase space where the Lund plane density is most enhanced.
In contrast, when we select subjet configurations with ∆R > 0.2, which corresponds to
integrating over regions of the Lund plane below log(1/∆R) ∼ 1.6, we are instead capturing
most of the phase space where the Lund plane density is most depleted. This is why the
selected choices represented in Fig. 3, which were also the ones chosen by ALICE [67], are
close to the optimal for the purpose of discriminating between Lres = 0 and Lres = ∞, at
least for the flat grooming procedure.
Another feature that can clearly be inferred from the upper panels of Fig. 5 is the effect
of a limited angular resolution on groomed subjet jet measurements. The calorimetric
measurements performed by CMS [65, 66] restrict the minimum opening angle between
the subjets to be ∆R > 0.1. This restriction means keeping only the region of the Lund
planes to the left of the dashed vertical white lines in Fig. 5. We see from the Figure that
when either the flat (top left) or the core (top middle) grooming procedure is employed,
any groomed in-medium observable computed with this restriction will be significantly
suppressed relative to that for jets in vacuum in the case where the medium has Lres = 0.
In addition, since the Lund plane density distribution does not show much zg-dependence
in this region, the suppression will be at most weakly zg-dependent. And indeed, for the flat
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grooming procedure this is what we found in Fig. 3. In contrast, by inspecting the region of
the top-right panel of Fig. 5 that lies to the left of the dashed vertical white line we see that
if we choose the soft-core grooming procedure the density of splittings within this region
if the Lund plane shows more structure. We therefore expect that the medium-dependent
dynamics of some Soft Drop groomed observables will exhibit sensitivity to zg if we choose
soft-core grooming. We will see an explicit example in Section 4.4.
Observation of the subtracted Lund plane density distributions in Fig. 5 suggests that
if we want to maximize the sensitivity to in-medium effects, a better way to slice this Lund
plane may be to consider fixed values of the ratio Mg/pT,g. As in Fig. 4, fixed values
of log(1/(Mg/pT,g)) are represented by the white lines displayed in those planes. We see
that the regions where the density of in-medium splittings is either enhanced or suppressed
largely lie within intervals of this ratio. This suggests that the groomed mass distribution
should exhibit clear differences between in-medium showers and vacuum showers if the
medium has Lres = 0. As we have just described, though, such measurements made with
the restriction that ∆R > 0.1 will not exhibit much structure if we choose either the
flat or the core grooming procedures. On the contrary, if we choose the soft-core grooming
procedure we expect a significant enhancement of the density of splittings with some (small)
values of the groomed jet mass Mg and a significant suppression for other (large) values of
Mg. We shall see these expectations realized in the next Section.
4.4 Groomed jet mass
Motivated by the results of our Lund plane measurements described in the previous Section,
here we present our model calculation for distributions of the Mg/p
jet
T ratio, that is the
number of jets that pass the Soft Drop condition in a given interval of that ratio. In Fig. 6
we show the ratio of the distribution that we calculate in the hybrid model for jets in PbPb
collisions that create a medium with Lres = 0 (red) or Lres =∞ (blue) to the distribution
that we calculate in PYTHIA for jets in pp collisions. In the upper row of the figure
we choose to normalize the distributions in each calculation by the total number of jets
selected for the analysis, Njets. In the lower row, we present the same data but we choose
to self-normalize the individual distributions for each system before we take the ratio of
PbPb to pp. In other words, we normalize each distribution by the number of jets that
pass the Soft Drop condition and the angular cut which, following the CMS analysis in
Ref. [66], we have chosen to be ∆R > 0.1. In both rows, the first panel corresponds to the
flat grooming procedure, the middle to the core grooming procedure, and the right panel to
the soft-core grooming procedure. Results for the two extreme choices of Lres are presented
in each plot, with solid lines representing the full calculation (including medium response)
and with dashed lines the result of not including the particles coming from the wake in the
medium. To visualize the small sensitivity of this observable to the particles coming from
the medium, the difference between the solid and dashed curves is shaded, forming colored
bands.
As we by now expect for a groomed observable, this groomed jet mass distribution
for the most part exhibits little sensitivity to the soft particles coming from the medium
whose momenta are correlated with the jet because of the wake that the jet creates in the
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Figure 6. Ratios of the distribution of Mg/p
jet
T in PbPb collisions over that in pp collisions
at
√
s = 5.02 ATeV. (We use pjetT rather than the groomed pT,g in the denominator only because
that is what the experimentalists have chosen to present in Ref. [66].) In the three top panels, we
normalize each PbPb and each pp distribution to the total number of jets found within the cuts in
that analysis; in the three bottom panels, we self-normalize each PbPb and each pp distribution.
Red (blue) curves correspond to model calculations with a medium that has Lres = 0 and can fully
resolve the parton shower (Lres =∞ and sees the jet as a single unresolved object). In solid curves
we show the full results of our model calculation which include particles coming from the wake in
the medium; in dashed curves we show results which don’t include those soft particles. To facilitate
the visualization of the contributions of the wake to this observable, we have colored the space
between the solid and dashed curves with the same choice of Lres. Hence, the width of each colored
band shows the effect of the wake on this observable and the difference between red and blue shows
the effect of varying Lres.
medium. This is in stark contrast to the charged jet mass distribution that we analyzed
in Section 3, where we showed that these soft dynamics significantly alter the charged jet
mass distribution.
While the groomed jet mass distribution is largely insensitive to medium response, we
note that the contribution of this physics to this observable does depend on the choice of Soft
Drop grooming parameters. When we choose the soft-core or core grooming procedures, the
observable is affected by the medium response less than when we choose the flat grooming
procedure since, as shown in Fig. 5, when β = 1.5 the top-left region of the Lund plane is
excluded because it does not satisfy the Soft Drop conditon (4.1) and this is the region where
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the particles coming from the wake in the plasma make the most significant contribution.
For the case with the flat grooming procedure, the sensitivity to the particles coming from
the wake in the medium is greatest at the smallest and largest values of the groomed
jet mass. These bins are barely populated, meaning that the big enhancement in the
sensitivity to the wake that we see there comes from taking the ratio between two small
numbers. The observed enhancement of the large jet mass end of the distribution is a
natural expectation for the consequence of including additional soft particles at large angles
coming from the wake in the medium. The enhancement observed at the small jet mass
end of the distribution is also an effect of the wake in the medium, although in this case
the reason is less obvious — and is an artifact. As in the case of our calculation of the
charged jet mass as discussed in Section 3, in our treatment of the particles coming from
this wake we must introduce “negative particles” which mimic the effect of over-subtraction
of a homogeneous background [11]. One artifact of this is that a small fraction of jets have
a negative mass squared, as we noted in Section 3. A second is that the groomed jet mass
distribution is shifted very slightly to the left. This artifact is inconsequential everywhere in
the distribution except at very small values of the groomed jet mass. There, the magnitude
of the distribution in pp collisions is very small which means that when the distribution in
PbPb collisions is pushed even slightly to the left, the PbPb/pp ratio of distributions rises
artificially.
Quite unlike in the case of the charged jet mass distribution of Section 3, because the
groomed jet mass observables are relatively insensitive to the soft particles coming from
the wake in the medium whose momenta are correlated with that of the jet we are able to
use these observables to discriminate between the two extreme assumptions for the value
of the resolution length of QGP that we have investigated to this point. (We shall look
at other values of Lres in Section 4.5.) As is clear from the upper row of Fig. 6, when we
normalize the groomed jet mass distributions by Njets they are well able to discriminate
between Lres = 0 and Lres = ∞ for any of the three choices of grooming parameters that
we have considered. From the lower row of Fig. 6, we see that if we self-normalize each
groomed jet mass distribution then in the case of the flat and core grooming procedures we
lose this discriminating power, which means that in these two cases the discrimination that
is manifest in the upper row of the figure comes almost entirely from the normalization,
which is to say from the number of jets that pass the Soft Drop condition and the angular
cut. This can easily be understood by noting that in the region ∆R > 0.1, to the left of
the dashed white lines in Fig. 5, the Lund plane distributions for the case of a medium
with Lres = 0 presented in that figure show a depletion of splittings relative to what would
be seen in vacuum and, by extension, in a medium with Lres = ∞. And, other than this
depletion there is relatively little structure seen in the Lund plane density in this region. In
contrast, our newly proposed soft-core grooming procedure exhibits a non-trivial Mg/p
jet
T
dependence in the ∆R > 0.1 region of the top-right Lund plane in Fig. 5, which translates
directly into the conclusion that we reach from the two right panels of Fig 6: the groomed
jet mass distribution (distribution ofMg/p
jet
T ) can be used to discriminate between Lres = 0
and Lres =∞ whether the distributions are self-normalized or normalized by Njets.
As we noted in Section 4.2 for the absolute normalization of the distribution of the
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momentum fraction zg, the absolute normalization of the groomed mass distribution may
not be a reliable observable since the groomed jet mass distribution with β ≥ 0 is not IRC
safe. This fact implies that this observable is, in principle, not well defined in perturbation
theory, since it becomes very sensitive on the non-perturbative regulator of the collinear
divergence. In our PYTHIA based analysis, this is the virtuality that terminates the jet
shower. As we showed in the analysis of the zg distribution, this is not a problem in practice
for β = 0, at least for the range of groomed jet masses in which the contribution coming
from the wake in the medium is small. We have explicitly checked that for intermediate
values ofMg/p
jet
T where this contribution is small, the distribution with β = 0 differs by less
than 4% from the IRC safe distribution obtained by choosing β = −0.05. On the contrary,
at large or small values of Mg/P
jet
T at the edges of its distribution, this variation can be
as much as 30%. This is another way to see that these edge regions are sensitive to soft
dynamics.
For β = 1.5, there is no IRC setup to which we can directly compare our results.
Nevertheless, the self-normalized Mg/p
jet
T distribution is, once again, Sudakov safe. This
means that this observable is amenable to perturbative analysis. It is therefore pleasing
that this distribution has such discriminating power vis a vis Lres. In addition, although the
ratio of self-normalized distributions obtained using the flat and core grooming procedures
do not have this discriminating power, they have the virtue that they connect to existing
measurements of the the groomed mass distribution presented by CMS [66]. So, while
the self-normalized distributions obtained using these two grooming procedures may not
be well-suited to constraining the resolution length of the medium, since most of their
discriminatory power relies on the norm, our newly introduced soft-core grooming procedure
provides us with a robust observable with which to learn about the resolution length of QGP.
In the next Section, we will explore the sensitivity of this observable to particular choices
of the value of Lres.
4.5 Constraining the resolution length of quark-gluon plasma
From the results of the previous subsections, we have identified two robust observables
that are effective in discriminating between our two extreme assumptions for the resolution
length of the medium, Lres = 0 and Lres =∞. The first such observable is the zg distribution
in the case where we use the flat grooming procedure. The second such observable is the
groomed mass distribution in the case where we use the soft-core grooming procedure. In
this Section, we will explore our model predictions for one particular intermediate and
realistic value of the resolution length, namely Lres = 2/pi T , in order to better assess the
power of these observables to constrain the value of Lres.
First, though, an important note. Up to here we have only treated the two extreme
values of Lres, and in both these cases our calculations are independent of how the effects
of a finite resolution (as opposed to perfect resolution or no resolution) are modelled. In
both cases that we have treated, the model calculation that we do depends on how energy
loss is modelled but there are no additional model assumptions related to implementing
Lres needed.
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Figure 7. Results from the hybrid model calculation of the ratio between the zg distribution
in PbPb and pp collisions, with different choices of Lres, depicted via bands with different fillings.
Each panel shows a different choice for the cut on the angular separation ∆R between the two
groomed subjets. Each curve has been normalized to the total number of jets, Njets.
Now that we wish to investigate a finite value of Lres we must decide how to model
its effects. We shall use the particular implementation of resolution effects developed and
described in detail in Ref. [43]. In addition, as in that paper and as is physically reasonable,
we shall assume that Lres ∝ 1/µD, where µD is the Debye mass and hence 1/µD is the
screening length of the medium. The screening length of QGP can be thought of, somewhat
loosely, as the minimal separation between two static test color charges such that there is
enough QGP between them so that the two charges are independent of each other, meaning
that they exert no force on each other. In our case, the resolution length of QGP is the
minimal separation between two color charges moving through the QGP at ultrarelativistic
speeds such that there is enough QGP between them so that the two charges are independent
of each other, meaning that they lose energy independently. These two length scales need
not be identical, but it is reasonable to assume that they are proportional. This assumption
means that Lres ∝ 1/(gT ) if the gauge coupling g is weak, and Lres ∝ 1/T if the gauge
coupling is strong. By comparing weak and strong coupling expressions for µD, the authors
of Ref. [43] argue that it is reasonable to guess that 1/(piT ) . Lres . 2/(piT ) in QGP.
In this Section we shall explore our model predictions for one representative value of Lres,
namely Lres = 2/(piT ). We leave a more refined exploration of its value for future work.
Results from our model calculation of the zg distribution for jets in a medium with
Lres = 2/(piT ) obtained using the flat grooming procedure are presented in Fig. 7. We
show the ratio of the zg distribution in PbPb to that in pp collisions as determined by
PYTHIA. Just as we found for Lres = 0 and Lres =∞ in Section 4.2, if we average over all
values of the angular separation between the subjets the zg distribution, see the left panel
of Fig. 7, is largely independent of the value of Lres. On the contrary, when we restrict the
angular separation between the two Soft Drop subjets either to ∆R < 0.1 or to ∆R > 0.2,
the total number of jets that satisfy the Soft Drop condition and pass the cuts in PbPb and
in pp collisions greatly differ, and depend signficantly on Lres, as illustrated by the clear
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∆R > 0.0 ∆R < 0.1 ∆R > 0.2
PYTHIA 0.9729(2) 0.5757(7) 0.1730(4)
Lres = 0 0.9599(8) 0.710(4) 0.092(2)
Lres = 2/piT 0.9633(8) 0.660(3) 0.115(2)
Lres =∞ 0.969(1) 0.603(3) 0.161(2)
Table 1. The number of selected jets as a fraction of the total number of jets Njets within the
experimental acceptance. The number of selected jets is Njets minus the number of jets that never
pass the Soft Drop condition (4.1) minus the number of jets that pass the Soft Drop condition but
where the two subjets identified after the Soft Drop grooming procedure are separated by an angle
∆R that does not meet the criterion specified for each column of the table. The rows of the table
give the number of selected jets as a fraction of Njets for jets in vacuum as calculated in PYTHIA
and for jets in PbPb collisions as calculated in the hybrid model at
√
s = 2.76 ATeV with three
different values of the resolution length of the medium.
separation between the curves plotted in the middle and right panels of Fig. 7. The results
of our simulation with Lres = 2/piT are clearly distinct from the two extreme values, since
the separation between the curves is larger than the theoretical uncertainty of our model
computation. We note that the zg distributions for the medium with Lres = 2/(piT ) are
somewhat closer to those for the medium with Lres = 0 that can resolve every parton in the
shower than to those for the medium with Lres =∞ that cannot resolve any substructure at
all. This indicates that for values of Lres between 1/(piT ) and 2/(piT ) a significant fraction
of the partons within a jet shower are separately resolved. The proximity of the Lres = 0
and Lres = 2/(piT ) results serves as a gauge of the level of both theoretical and experimental
precision needed to use this observable to constrain the resolution length of the plasma,
and in particular to establish that it is nonzero. Establishing that some jet substructure
is resolved, meaning establishing that Lres is not infinite, should be easier. In the case of
this observable this could be done by establishing that the zg distribution ratio obtained
using the flat grooming procedure is significantly different from, and greater than, one if
the cut ∆R < 0.1 is imposed and is significantly different from, and less than, one if the
cut ∆R > 0.2 is imposed.
Since all the zg distributions presented in Fig. 7 are approximately independent of zg, a
simple way to characterize the difference between these curves is to determine the fraction
of the total number of selected jets for each configuration. These are tabulated in Table 1.
We comment on (the challenges associated with) comparisons to present zg data in the
next Section, where we shall also argue that present data disfavor Lres = ∞, which is to
say they indicate that the quark-gluon plasma produced in heavy ion collisions does resolve
some jet substructure.
In Fig 8, we show our hybrid model calculations for the ratio of theMg/p
jet
T distributions
in medium to those for jets in vacuum, for media with three values of Lres. The calculations
were done using the soft-core grooming procedure and the individual distributions are self-
normalized. As for the zg distribution, the Lres = 2/(piT ) result is distinct from both the
extreme Lres limits. And, again as for the zg distribution, it is much closer to the result
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Figure 8. Results from the hybrid model calculations of the ratio between the self-normalized
Mg/p
jet
T distributions in PbPb and pp collisions at
√
s = 5.02 ATeV for 0-5% centrality class, for
R = 0.4 jets, obtained using the soft-core grooming procedure, and computed for different values of
Lres. Dashed curves are obtained ignoring the soft particles coming from the wake in the medium,
while solid curves do include them. The space in between is shaded for each choice of Lres so as
to better expose the relative sensitivity of the observable to the effects of the wake (width of each
individual colored shading) and the effects of our choice of Lres (separation between the different
colors).
obtained for Lres = 0 when the medium can fully resolve all components of a jet than to
the result obtained for Lres =∞ when the medium cannot resolve any substructure within
a jet. However, unlike in the case of the zg distribution, for this observable the effect of
soft particles produced by the wake in the medium is comparable to the separation between
Lres = 0 and Lres = 2/piT . This indicates that using this observable alone to discriminate
among realistic values of Lres would require separately constraining the dynamics of the
wake in the medium sufficiently well to reliably quantify its contribution to this observable.
Nevertheless, having two different observables with clear sensitivity to the value of Lres
indicates that these types of measurements of groomed jet observables can potentially be
used to extract the resolution length of quark-gluon plasma from jet data.
We conclude this Section by noting that there is an experimental disadvantage to using
the soft-core grooming procedure unless the experimental analysis can be extended to jets
with high pT . With the soft-core choice of Soft Drop grooming parameters, the value of
zg can be as low as zg ∼ 0.016 when ∆R = 0.1, which translates into the transverse
momentum of the softer of the two subjets – that pass the Soft Drop criterion (4.1) – being
as low as 2 GeV for the 140 GeV jets used in the analysis shown in Fig. 8. This fact may
make it extremely challenging to perform a sensible measurement without including the
contamination of the large fluctuating background. A clear solution would be to move to
much higher pT jets. In Appendix E, we study the jet-pT dependence of the groomed jet
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mass observable and show that, in the range 140 < pT < 300 GeV, this observable is almost
independent of jet-pT . We therefore expect that similar conclusions can be drawn from the
analysis of jets with momentum ∼ 1 TeV, for which the softer subjet with zg ∼ 0.016 would
have 16 GeV in transverse momentum.
5 Discussion, including a look at present data and at the road ahead
One important aspect of understanding the interaction of QCD jets with the QGP formed
in heavy ion collisions is understanding how different constituents of a jet interact with the
medium through which they pass. As a consequence in part of our limited knowledge about
the space-time structure of jet fragmentation, several different model assumptions can be
found in the literature. In some models, the highly virtual energetic colored excitation
that evolves and propagates as a jet behaves in the medium as if it were a single featureless
energetic colored probe in the medium, in essence as if it were a single hard parton, meaning
that the interactions of the jet depend only on its energy and color and are independent of
its inner structure. In other models, the medium interacts with jet constituents which are
assumed to be formed before the jet interacts with the medium interaction. Finally, in a
third class of models some fragments of the jet form within the medium and start to interact
with the medium independently from one another according to some criterion. While
it could be possible to discriminate between these different assumptions by a systematic
comparison between many models and many sets of data, it is at least as desirable to
identify observables that are directly sensitive to these dynamics. In this paper we have
investigated a set of groomed jet observables and shown how several of them are sensitive
to the substructure within jets if, that is, the QGP medium has sufficient resolving power.
The question of whether the medium interacts with a jet as if it were a single featureless
object characterized only by its energy and color or whether it interacts with constituents
within a jet is a question about a property of the medium [54] known as the resolution length
Lres; it is not a question about the structure of the jets. The parameter Lres characterizes
the resolving power of the medium vis-a-vis highly energetic colored probes in much the
same way that the screening length characterizes how the medium “sees” heavy (nearly)
static colored probes. The screening length can be thought of as the minimal distance by
which two nearby static color charges must be separated such that there is enough medium
between them that they are independent of each other (in the sense that they are not
bound to each other.) The resolution length Lres that we can use jet observables to learn
something about is the minimal distance by which two nearby colored charges in a jet must
be separated such that there is enough medium between them that they engage with the
plasma, and lose energy, independently. The limit Lres = ∞ realizes the assumption that
the medium is totally incapable of resolving any substructure within a jet, meaning that
the interaction of jets with the medium is completely independent of jet structure. As
Lres decreases, an increasing fraction of the jet components will separate from each other
sufficiently that at some point during their evolution while they are within the medium
they will begin to interact with the medium independently of one another. In the limit
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Lres = 0, all partons within a jet shower interact with the medium independently of one
another from the moment that each of them forms in a splitting within the evolving shower.
In the hybrid model calculations that we have presented, we have assumed that the
jet forms while traversing the medium as in the third class of models described in the first
paragraph of this Section. Upon making this assumption, we have found that the totally
resolved Lres = 0 limit and the totally unresolved Lres =∞ limit are clearly distinguishable
from one another, since they provide quite distinct predictions for two groomed observables
that we have identified: the ∆R-dependent zg-distributions of jets with different angular
separations groomed using the flat Soft Drop procedure (Section 4.2); and the groomed
jet mass distribution obtained using the soft-core grooming procedure (Section 4.4). We
have also seen that the number of soft-drop splittings, nSD, shows some sensitivity to Lres
(Section 4.1). And, along the way, we have found that looking at how the the Lund plane
distribution that characterizes the pair of subjets that first satisfies the Soft Drop condition
during the grooming procedure is particularly helpful in understanding the physical phe-
nomena behind these observables (Section 4.3). All of these groomed jet observables have
greater utility in this regard than the ungroomed charged jet mass (Section 3) since apply-
ing the Soft Drop grooming procedure reduces the sensitivity of the groomed observables
to particles coming from the wake that the jet leaves in the medium.
The origin of the discriminating power of the groomed jet observables that we have
focused on is the dependence of jet quenching on the activity of the jet. Loosely speaking,
this refers to the number of constituents within a jet; one of the ways of quantifying it is the
number of Soft Drop splittings, nSD. In jet showers whose constituents are resolved by the
medium in which they find themselves, those jets that are made up of more constituents as
seen by the medium possess more independent sources of energy loss, and as a consequence
they lose more energy than jets with less activity. Since, as we have explicitly checked in
Appendix C, jet activity is correlated with the angular separation ∆R between the first
pair of subjets that pass the Soft Drop condition (4.1), wide jet structures lose more energy
than narrow jets. Because the jets that remain in the sample of jets after quenching are
those that have lost the least energy, if the medium has a short enough Lres that it can
resolve jet substructure the consequence will be that the sample of jets after quenching will
be biased toward being narrower (smaller ∆R), having a lower groomed jet mass (smaller
Mg) and having less activity (smaller nSD). In contrast, if the medium cannot resolve any
structure within jets then jet quenching will introduce none of these biases. Note that
this mechanism does not discriminate when jets fragments are formed, provided they are
formed in the medium. We have explicitly tested that a variation (an unphysical variation)
of our model in which all jet fragments are produced at a formation time τf = 0 that is
before they pass through any medium leads to comparable results for these observables (see
Appendix D). This analysis also demonstrates that formation-time effects do not contribute
significantly to the results that we have presented. This means that although the observables
that we have considered can be used to learn about the resolution length Lres of QGP they
are not sensitive to the space-time structure of the jet shower, making them of limited use
for tomography. It would be interesting to design new observables that are more sensitive
to the space-time history of the jet shower within the medium.
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Some of the observables that we have analyzed have already been already measured,
both at LHC and RHIC energies, by the CMS [65], STAR [68] and ALICE [67] collabora-
tions. However, none of the measurements available to us today have been fully unfolded.
This means that a direct comparison between our results and extant measurements is not
possible. However, very recently the ALICE collaboration has indirectly compared the
predictions of our hybrid model calculations for a medium that can fully resolve the par-
tonic substructure of a jet, Lres = 0, for the zg-distribution (distribution of the momentum
sharing between the first pair of subjets that passes the Soft Drop condition) with their
measured data on this observable by embedding our Monte Carlo results into their ex-
perimental analysis, smearing the results of our calculations such that they can then be
compared with their measured data. The ratio of the zg-distribution in PbPb and pp col-
lisions, as measured by both CMS and ALICE in data that has not been unfolded, show
a clear zg-dependence. This is apparently unlike our results, as presented in Fig. 3, where
we find that this ratio depends little on zg. After our theoretical predictions for the case
of a medium with Lres = 0 that can fully resolve jet constituents are embedded in the
experimental analysis and in this way smeared, they also show a significant zg-dependence,
compatible with ALICE measurements; see the plots in Ref. [67]. This observation also
indicates that the zg-dependence in the PbPb/pp ratio of zg distributions exhibited by the
CMS measurements may also be significantly corrected after the data are unfolded or the
predictions are smeared. For this reason, in this paper we have refrained from making direct
comparisons with experimental data.
In our model, hard medium induced splittings that propagate out of the medium are
absent. The presence of large-angle medium-induced radiation and consequently large-angle
medium-induced components of jets is a characteristic of the perturbative treatment of jet
energy loss, but they are absent at strong coupling. If these hard modes (hard relative
to the thermal scale that characterizes the medium) leave the collision zone, they lead to
a modification of the zg distribution. Since this radiation is dominantly soft relative to
the jet momentum, such an effect leads to an enhancement of the small-zg region in the
momentum-sharing fraction distribution. The direct comparison of calculations based on
this physics [76–78] with non-unfolded CMS data [65] showed a reasonably good agreement.
As we have stressed when comparing our results in Fig. 3 and the folded results produced
by ALICE, such comparisons may be misleading. When our results are smeared in order to
compare them to non-unfolded ALICE data, they change in qualitative ways and we can
expect comparable changes also if calculational results from Refs. [76–78] were smeared as
required for comparison to non-unfolded CMS data. In addition, the perturbative mech-
anism that we have just described would imply some shift in the nSD-distribution toward
larger nSD, since the mechanism incorporates additional splittings in PbPb jet showers. In
contrast, in our findings for resolved showers we see a reduction in nSD as compared to
that in pp collisions, see Fig. 2. It also worth pointing out that ALICE measurements of
the nSD favor a shift toward lower nSD, namely passage through the medium yielding a
reduction in the number of splittings and nSD, in qualitative agreement with the results of
our calculations. This seems to disfavor any scenario that increases the number of split-
tings. Furthermore, in perturbation theory it is also expected that, unless the formation
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time of the medium-induced gluon is longer than the medium length, medium-induced ra-
diation should suffer a quick degradation as a consequence of rescattering with the medium
constituents [79], which should significantly reduce the increase in nSD relative to a naive
analysis that does not include these secondary interactions. Finally, based on a separation of
scales argument, we have also not included any medium modification of the high-virtuality
stage of the evolution, as done in [39], which could also alter the zg-distribution.
While firm conclusions must await quantitative comparison with unfolded data, let us
return to the comparison in Ref. [67] between ALICE results and our smeared fully resolved
jet simulations (medium with Lres = 0) for the purpose of extracting some tentative lessons
from those measurements. As in our calculations for a medium with Lres = 0, and consistent
with our qualitative expectations for a medium that is capable of resolving substructure
within jet showers, ALICE has observed a significant change in the normalization of the ∆R-
dependent zg distribution depending on the constraint applied to ∆R. As in our analysis,
the total fraction of narrow jets (jets with two subjets that pass the Soft Drop condition that
are separated by ∆R < 0.1) is larger in the ensemble of PbPb jets than in pp; conversely,
the total fraction of wide jets (jets with two subjets separated by ∆R > 0.2) is smaller.
Furthermore, the ratio of the zg distribution in PbPb to that in pp collisions extracted
from these measurements are quite similar to what the ALICE collaboration obtains from
smearing the results of our Lres = 0 calculations of fully resolved jets. That said, after
smearing our Lres = 0 calculations somewhat over predict the deviation of the ratio of zg
distributions from one. That is, the results for the PbPb/pp ratio of zg distributions for
∆R < 0.1 (for ∆R > 0.2) from our Lres = 0 calculations after smearing lie somewhat
above (below) the measured ratios, in both cases deviating farther from one. In light of this
comparison, it is tempting to conclude that these measurements indicate that the resolution
length Lres is finite, greater than 0 but certainly not infinite, as we expect on general grounds
anyway. It would be interesting to compare the results that we have obtained for a medium
with Lres = 2/(piT ), shown in Section 4.5, after embedding them in the experimental
analysis and smearing them, to the measured data.
It will be very exciting to make a systematic comparison with data to test how tightly
the measured results constrain the resolution length of quark-gluon plasma Lres. Doing
so either requires unfolded data or smeared calculations with varying values of Lres. We
can already see today, however, that the possibility that QGP may behave as a medium
with Lres = ∞, meaning that it resolves no jet substructure whatsoever, is quite clearly
disfavored by experimental data. Our calculations in Section 4.2 demonstrate clearly that
if the medium were to behave as if Lres = ∞, there would be no separation between the
PbPb/pp ratio of zg distributions with ∆R < 0.1 and those with ∆R > 0.2. This is an
example of a qualitative conclusion from our analyses that we expect not to depend on
any details of the hybrid model. And, in contrast, in the experimental data [67] there is a
clear separation. Further evidence for the conclusion that the resolution length of QGP is
short enough that the QGP produced in heavy ion collisions can resolve at least some jet
substructure comes from the comparison between RAA for jets and RAA for high-pT hadrons,
as described in Ref. [44] and Appendix B. We expect that as the precision of experimental
measurements of jet substructure observables and the control over uncertainties in their
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calculation improves, it will become possible to constrain the value of the resolution length
of QGP, in addition to seeing how the substructure of jets is modified via their passage
through it. The road ahead toward these goals seems clear.
We would also like to compare our model results with other model analyses of groomed
jet observables. A particularly salient example is JEWEL [80], a Monte Carlo event gen-
erator based on a perturbative treatment of jet-medium interactions, including medium-
induced gluon radiation as well as hard recoils due to the interaction of energetic partons
with medium constituents [81]. This model has been very successful in predicting the zg dis-
tributions measured by both in CMS and ALICE. Unlike in our model calculations in which
effects coming from the wake that the jet leaves in the plasma are negligible, in the JEWEL
calculations the recoiling particles from the medium are relatively hard and so make more
of a contribution to groomed jet observables, and hence are crucial to describing experi-
mental measurements of these observables [82]. However, at least with current subtraction
methods, this model seems unable to describe the charged jet mass distributions [62]. To
the best of our knowledge, our work provides the first simultaneous description of both
the charged jet mass distribution and, once smearing effects are properly addressed, the
zg-distribution.
Note added: During the completion of this work, Ref. [83] appeared. These authors
consider some of the same observables that we do (in particular, zg for different constraints
on ∆R and nSD), and reach similar conclusions for how these observables are modified
in PbPb collisions, working within a rather different model than the one that we have
developed. This provides evidence for the robustness of our conclusions and, in particular,
highlights that in order to explain these phenomena it is necessary that jets containing more
constituents tend to lose more energy and tend to contain subjets at larger values of ∆R.
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A Background subtraction with medium response
As explained in Section 2, conservation of momentum implies that the momentum lost by
a jet must end up carried by the QGP fluid; the jet must create a wake of some sort in the
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fluid, a wake that carries the momentum lost by the jet. Because of the presence of some
region of fluid that is boosted in the jet direction, after hadronization there must be an
excess (depletion) of soft particles coming from the medium moving in the jet direction (in
the opposite direction relative to the jet) relative to how the fluid would have hadronized in
the absence of any wake. Since soft particle production from the hydrodynamized wake in
the fluid that carries the momentum lost by the jet is correlated with the jet direction, when
jets are later reconstructed in experimental analyses, of necessity some these soft particles
end up reconstructed as a part of the jet. Hence, these medium-response contributions
contribute to any jet observable and should be included in the definition of a given jet signal.
In this Appendix we describe how we have treated this correlated-medium contribution in
this work.
In a full event simulation, the treatment of this particular soft jet component would
be straightforward: it would simply amount to applying the experimental analyses to the
Monte Carlo events. However, we do not have a full event simulation; as explained in
Section 2, our implementation of how the medium reacts to the jet is based on analyzing
the modification of particle production with respect to the undisturbed QGP fluid. As a
consequence, the expression for the modification of the mean number of particles, Eq. (2.4),
can become negative; we explain in Section 2 that this is not unphysical, it just reflects the
fact that the boosted medium, whose momentum is correlated with that off the jet, produces
less particles in certain directions of phase space than what an unperturbed droplet of QGP
would produce. Our treatment of these “negative particles” assumes that within the area of
a reconstructed jet, many soft particles from an uncorrelated underlying event are collected,
such that there are many particles within a given range of momentum and angle, some of
which can be cancelled by the negative particles. (In our first paper discussing the effects
of medium response [11], we have benchmarked our calculations of the particles coming
from the wake in the plasma by simulating a full thermal background, adding the “positive
particles” from Eq. (2.4) and removing particles from the thermal background corresponding
to the “negative particles” coming from Eq. (2.4), and then applying the actual experimental
background subtraction procedures used in the experimental measurements of an observable
of interest. Having validated doing so, we now work directly from Eq. (2.4) without first
simulating a full thermal background.)
With the approximation we have just mentioned, there are two possible ways in which
soft particles coming from the medium carrying momenta that are correlated with the jet
direction can affect jet measurements: first, additional particles produced within the jet
area can be reconstructed as a part of the jet, increasing the momentum of the jet; second,
a particle (or particles) that would have been reconstructed as a part of the jet in the
absence of any wake in the medium is in fact not produced from the boosted medium,
decreasing the momentum of the jet. The effect of this missing particle is then identical to
treating the negative particles as having negative four-momenta.
In our previous work [44], we use this analogy to subtract from the jet the net mo-
mentum of all the negative particles that fell within the jet area. In this work, since we
want to assess the effect of these particles after the sequential declustering of the Soft Drop
procedure is run we need to modify the prescription, to include the effect of individual
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particles. For this reason, we resort to a simplified prescription in which we use a variation
of recombination algorithms within FastJet that takes into account the presence of the neg-
ative momentum particles2. It simply consists of preserving the actual four-momentum of
the particle with an added “status” tag set to +1 for a positive particle or -1 for a negative
one. When two clusters are added, those which are negative are subtracted from the sum.
If the combination has negative energy, then its four-momentum is flipped and it is tagged
with “status” -1. The process is iterated, as usual, until all tracks have been clustered into
jets. We have checked that at least for coarse quantities, such as total jet momentum,
this procedure gives the same result as the subtraction of the net momentum of negative
particles, as done in Ref. [44].
B Jet and hadron suppression for unresolved and fully resolved jets
In this Appendix we describe how we have fixed the model parameter κsc for the case of a
medium with Lres =∞ that cannot resolve any structure within jets. Since we want to use
this calculation to determine the sensitivity of jet substructure to resolution effects, the value
of κsc is fixed by demanding that jet samples with Lres = 0 and with Lres =∞ are produced
at similar rates in heavy ion collisions. Since the value of κsc for the case of a medium with
Lres = 0 that can fully resolve all structure within jets has been accurately determined
via a global analysis of jet and hadron suppression data [44], we use this calculation for
fully resolved jets as the reference. Setting the temperature below which no further parton
energy loss occurs to Tc = 145 MeV, as in the Lres = 0 calculation, we demand that the R
jet
AA
at a reference value of jet pT ∼ 100 GeV is the same (and with the same spread) in both
the Lres = 0 and Lres = ∞ computation. This criterion yields a value of 0.5 < κsc < 0.52
2We thank Matteo Cacciari and Tan Luo for providing the code.
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for the Lres = ∞ limit, about 25% larger than the values obtained in the fully resolved
Lres = 0 limit.
It is certainly to be expected that the value of κsc needed to achieve the same jet
quenching is greater for Lres = ∞ than for Lres = 0 since when Lres = ∞ and jets are
completely unresolved, each jet behaves as a single object losing energy whereas when Lres =
0 and jets are fully resolved, every parton in each jet shower loses energy independently. As
shown in Fig. 9, while the jet spectrum is only matched at one reference value of the jet pT ,
here 150 GeV, the two calculations give comparable RjetAA in most of the range of transverse
momenta of interest. Some deviations are observed in the high-pT region of R
jet
AA. This is
because the number of partons in a jet shower increases slowly with the jet pT , meaning
that in the case where the medium has Lres = 0 the jet suppression is greater than in the
case where the medium has Lres =∞ at values of pT that are far above the reference value
of pT .
The larger value of κsc for the medium that cannot resolve any jet substructure has
important consequences for the hadron suppression pattern, since RhadAA is sensitive to the
suppression of the leading parton within each jet. In Fig. 9 we also show the results of
our hybrid model calculations for media with Lres = 0 and Lres = ∞ for RhadAA . As shown
in the plot, while the RjetAA are comparable in the two cases, the results of the two R
had
AA
calculations are significantly different, with RhadAA in the medium that cannot resolve any jet
structure being smaller than in the Lres = 0 case. This is, once again, a consequence of the
way the medium interacts with the jet constituents. In the case of a medium with Lres = 0
that can resolve all partons within a jet, jet suppression results from quenching multiple jet
components. Therefore, for a fixed amount of total jet quenching, the leading hadron needs
to be relatively less quenched. On the contrary, the stronger quenching needed to obtain
the same RjetAA in the Lres = ∞ case where jets are completely unresolved implies that the
leading parton, and as a consequence the hadron spectrum, is more suppressed than in the
totally resolved limit.
The clear separation in the results for the hadron spectra in the Lres = ∞ medium
relative to that in the Lres = 0 medium seen in Fig. 9, together with the fact that the
global analysis of Ref. [44] shows that the RjetAA and R
had
AA obtained with Lres = 0 describe
all extant jet and hadron suppression data from the LHC rather well, indicate that our
Lres = ∞ calculation cannot describe the measured values of RjetAA and RhadAA in LHC data
simultaneously. For this reason, for the analysis of this paper we have not attempted to do
a global fit for Lres =∞, instead simply choosing κsc so as to fix RjetAA as we have described
in this Appendix.
We conclude from this discussion that the measured values of RjetAA and R
had
AA in LHC
data disfavor quenching by a medium with Lres =∞. This is the same conclusion that we
reach in Section 5 via consideration of groomed jet observables.
C Correlation between ∆R, nSD and zg
In this Appendix we collect a number of facts concerning correlations among different
Soft Drop observables for jets that shower in vacuum, as modelled by PYTHIA, facts
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Figure 10. The distributions of the angular separation ∆ between the two subjets identified via
the first Soft Drop splitting satisfying (4.1) for jets in vacuum with different total numbers of Soft
Drop splittings, or nSD.
that are important to understanding the systematics of jet quenching in our hybrid model
calculation.
The first aspect we want to highlight is the strong correlation between the angular
separation ∆R of the two subjets identified by the first Soft Drop splitting and the total
number of Soft Drop splittings, nSD, which is a measure of the particle multiplicity within
the jet. The curves shown in Fig. 10 have been generated by classifying pp jets in terms of
their nSD, and then plotting the distribution of the angle ∆R between the two subjets at
the first of those splittings. We see that jets with only one nSD have a very narrow angular
distribution, while jets with increasing number of Soft Drop splittings become significantly
wider. This correlation is easy to understand from the DGLAP shower process. In this
shower, the number of splittings is controlled by the separation between the ordering vari-
able and the regulator of the collinear divergence that stops the fragmentation process [84].
In an angular ordered shower, this ordering variable is the splitting angle and, therefore,
large initial angle leads to large multiplicity. Conversely, if the first splitting occurs at a
large angle, the probability that the jet does not split again, which is controlled by the
Sudakov factor, is small since the phase space for radiation is large. Therefore and since
for angular ordered showers the first splitting coincides with the first declustering step of
the Cambridge/Aachen algorithm, jets with few nSD come preferentially from narrow jets,
with initial angle close to the collinear regulator. In practice our jet showers, simulated
by PYTHIA8 [85] are pT ordered. Nevertheless, angular ordering is still approximate in
those showers, since these two ordering variables coincide as long as the splitting is not very
asymmetric in the momentum sharing fraction. Regardless, the bottom line that Fig. 10
illustrates is that vacuum jets that have a larger nSD and hence a larger particle multiplicity
within the jet tend to have the subjets found at the first Soft Drop splitting separated by
a larger ∆R.
We now look for any correlation between nSD and the zg of the first Soft Drop splitting.
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Figure 11. The distributions of the momentum sharing fraction zg of the first Soft Drop splitting
for jets in vacuum that contain different numbers of Soft Drop splittings nSD.
In Fig. 11 we show the zg distribution of vacuum jets for various fixed values of nSD. One
of the main conclusions of this exercise is that as nSD increases, the zg-distribution quickly
becomes independent of the number of Soft Drop splittings nSD, and becomes close to
the fully inclusive zg-distribution. As expected, the large nSD limit of this distribution is
given by the Altarelli-Parisi splitting function [72]. It is also curious to see that for few,
nSD = 1, 2, the zg distribution deviates significantly from this asymptotic limit, becoming
more and more balanced in zg. For these jets with few constituents, splittings at small zg
are no-longer dominant, as in the Altarelli-Parisi splitting function. The reason for this
phenomenon is, once again, the collinear regulator of the shower. Since, in the pT -ordered
shower of PYTHIA8, splittings happen as long as p2T /z(1− z) > Q20 [86] with Q0 ∼ 1 GeV
the collinear regulator, soft splittings z → 0 possess a very large phase space for emission.
As a consequence, for generic fragmentation patterns, the probability of no radiation after
the first splitting is very small unless the pT of the splitting is very close to the kinematic
limit. Since the likelihood of the latter fragmentation patterns are also suppressed by
the probability of no emission between the hard scale and a scale close to the kinematic
limit, soft emissions that lead to few (one) nSD are suppressed with respect to the inclusive
splitting function. Remarkably, this suppression makes the zg distribution of jets containing
one single nSD approximately independent of zg.
While the two features we have described in this Appendix are properties of vacuum
jet showers, they have important implications for understanding groomed jet observables
in medium. First, we conclude that since jets with more constituents have larger ∆R, see
Fig. 10, and since jets with more constituents lose more energy the ensemble of jets after
quenching will have an nSD that is shifted towards lower nSD and a ∆R distribution that is
shifted towards lower ∆R. Second, since the zg-distribution of the first Soft Drop splitting
very quickly becomes independent of nSD (or the multiplicity) as shown in Fig. 11, while
energy loss can change the nSD and ∆R distributions rather significantly, the zg distribution
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Figure 12. Results for the ratio of the zg distribution of PbPb jets over that of pp jets for samples
of jets with anti-kT radius R = 0.4, with different angular separation ∆R between the two branches
that satisfy the Soft Drop condition (4.1), using the flat grooming procedure. Each individual curve
is normalized to the total number of jets analyzed, Njets. We compare results for the completely
resolved case Lres = 0 between two different scenarios: the physical one, with dynamical space-time
evolution of the parton shower, depicted with solid bands, versus an unphysical scenario where all
on-shell partons are assumed to have been created at the space-time position of the hard scattering,
with formation time zero, depicted in dashed bands and labelled as τf = 0. The solid bands are
the same as those in the left panel of Fig. 3.
after quenching is much less affected by the quenching process. We have observed both these
features in our analysis of groomed observables of quenched jets presented in Section 4.
D Sensitivity of substructure observables to the formation time of the
splittings
By comparing the middle panel of Fig. 4 to the left panel, we see that in the case where
the medium has Lres = 0 and can resolve internal structure within jets (but not in the
right panel where the medium sees each jet as a single unresolved object) after quenching
the peak in the Lund plane distribution is at lower values of ∆R or, better to say, lower
values of Mg/pT,g as can be seen by the lines of constant log(1/(Mg/pT,g) drawn in the
Figure. This indicates that if the medium can resolve the internal structure of jets, those
with larger values of the groomed jet mass Mg lose more energy.
There is a potential additional physical effect that could also be contributing to the
phenomena represented by the changes to the modulation of the Lund plane distribution
in the middle panel of Fig. 4 and the ∆R-dependence of the zg distribution ratios in the
left panel of Fig. 3. In this Appendix, we describe this other physical effect and then show
that its contribution is negligible.
One can express the groomed jet mass in terms of the formation time of the splitting τf
via τf ' 2 pT,g/M2g where we are neglecting rapidity and the effects of energy loss in making
this estimate. That is, in a jet shower in vacuum the wider emissions tend to happen earlier
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than the narrower ones. We can ask how much this formation time distinction contributes
to the effects that we are seeing. To what degree are the jets with larger ∆R losing more
energy because the splitting responsible for the formation of two subjets separated by a
large ∆R happened earlier? We shall show that the answer is: only to a negligible degree.
In Fig. 12 we address this issue by comparing our hybrid model calculations for the
∆R-dependent zg distributions for two different setups. The first of them, with results
depicted in solid bands, is the physically motivated setup used everywhere else in this work
(including in Fig. 3) in which partons are formed sequentially through 1→ 2 splittings after
a time τf = 2E/Q2, where E and Q refer to the energy and virtuality of the parent parton,
respectively. In the second setup, labelled as τf = 0 and with results depicted in dashed
bands, we make the completely unphysical assumption that all partons (whose virtuality
is below the infra-red cutoff and will not split further) were formed with τf = 0 at the
creation point of the hard scattering, such that they start interacting with the plasma from
t = 0 at z = 0 and xcre⊥ . We consider this completely unphysical setup because in this
case all splittings (including those that are responsible for producing pairs of subjets with
large ∆R and those which yield small ∆R) have exactly the same τf .3 The conclusion from
Fig. 12 is rather stark: we have made a rather brutal change to the formation times, and
the ∆R-dependent zg distributions change almost not at all. This means that the strong
∆R-dependence that we see in the medium with Lres = 0 does not originate from differences
between the formation times among different splittings. Instead, this effect reflects the fact
that the medium can resolve the structure corresponding to the two subjets, which lose
energy independently. Furthermore the medium with Lres = 0 can resolve all subsequent
splittings in the jet, and jets with larger ∆R will on average produce more subsequent
splittings, something that we confirm explicitly in the previous Appendix.
The exercise that we have done in this Appendix casts some doubt on the possibility of
using the particular jet observables that we consider in this paper for what has been called
tomography. It is quite clear that different jets lose different amounts of energy, with those
with a large ∆R from their first Soft Drop splitting losing more energy, and those with a
larger number of Soft Drop splittings nSD losing more energy. In contrast, making a brutal
change to τf and hence a brutal change to how much medium the jet partons traverse has
very little effect at all. That is, these groomed observables possess very little sensitivity to
the space-time structure of jet showers, for those splittings which occur within the medium.
E Jet momentum dependence of the groomed jet mass
To further connect our analysis with jet measurements at the LHC, in this Appendix we
present our results for the ratio of the distribution of the groomed jet mass divided by the
ungroomed jet momentum,Mg/p
jet
T , in PbPb collisions to that in pp collisions at
√
s = 5.02
ATeV, for the different ranges of the pjetT for jets with anti-kT radius R = 0.4. This has
3Given that the total amount of energy loss increases in the τf = 0 setup compared to the physical one,
the values of κsc have had to be reduced by 5% such that their jet RjetAA coincide around p
jet
T ∼ 100 GeV for
R = 0.4 anti-kT jets, in an analogous way to the way in which the values of κsc for the totally unresolved
jets with Lres =∞ where chosen in Appendix B.
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Figure 13. Ratios of the individually self-normalized distributions of Mg/p
jet
T in PbPb collisions
to those in pp collisions, for different ranges of the ungroomed jet momentum pjetT . We used the flat
grooming procedure, with Soft Drop parameters zcut = 0.1, β = 0. Red (blue) curves correspond
to model calculations with a medium that has Lres = 0 (Lres =∞). Solid curves correspond to the
full results which include particles coming from the wake in the medium; in dashed curves we show
results which don’t include them.
been measured by CMS using the flat and core grooming procedures [66]. Note once again
that since CMS data are not unfolded, a direct comparison of our calculation with these
measurements is not possible at present. After the discussion in Section 4.4 we only show
results for the self-normalised, Sudakov safe distributions. Each Figure corresponds to a
different grooming procedure: flat grooming in Fig.13, core grooming in Fig.14 and the
soft-core grooming that we have introduced, in Fig.15. One can observe that the results
are practically independent of pjetT in the range accessible to current measurements.
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